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Abstract
IL-27 has been shown to have important pro- and anti-inflammatory roles in the adaptive
immune response. However, its role in the innate immune response is less well characterized.
The goal of this research was to examine the role of IL-27 in the innate immune response. Two
in vitro models of Salmonella enterica serovar Typhimurium infection of the human monocytic
cell line, THP-1, were developed. S. typhimurium is an intracellular pathogen that can facilitate
its own uptake into host cells where it is able to replicate, often leading to host cell death. Based
upon previous research on the role of IL-27 in innate immunity, it was hypothesized that IL-27
pre-treatment of THP-1 cells would result in an enhanced ability of THP-1 cells to fight S.
typhimurium infection. Infecting THP-1 cells with late stationary phase S. typhimurium resulted
in a low level of infection whereas infection of THP-1 cells with late exponential phase S.
typhimurium led to a high level of THP-1 cell infection. Adherent THP-1 cells were stimulated
with IL-27 for 16 hours prior to infection with either late stationary or late exponential phase S.
typhimurium. A gentamicin protection assay was used to quantify internalized bacteria to assess
if IL-27 pre-treatment affected the initial invasion and subsequent survival of S. typhimurium in
THP-1 cells.

THP-1 cells stimulated with IL-27 had the same level of internalized S.

typhimurium as untreated THP-1 cells initially and over the subsequent 12 hours. THP-1 cell
viability was monitored between 1-12 hours after the addition of S. typhimurium to determine if
IL-27 pre-treatment influenced THP-1 cell death. Pre-treatment with IL-27 did not result in a
difference in THP-1 cell death. TNFα and IL-6 secretion from S. typhimurium infected THP1
cells were assayed to determine if IL-27 pre-treatment resulted in an altered cytokine response.
IL-27 stimulation resulted in significantly higher (p<0.01) levels of TNFα and IL-6 than
untreated cells at 1-12 hours after the addition of S. typhimurium indicating IL-27 stimulation of
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THP-1 cells promotes a pro-inflammatory response. Overall, IL-27 pre-treatment of THP-1 cells
did not alter S. typhimurium infection of THP-1 cells but did enhance the pro-inflammatory
response by these cells indicating IL-27 has a role in the pro-inflammatory response by innate
immune system to S. typhimurium infection.

Further work is needed to explore the host-

pathogen interaction that resulted in enhanced cytokine production in THP-1 cells and if this
plays a significant role in immune cell survival over an extended time frame. Understanding the
role of IL-27 in the innate immune response to pathogens will provide more information on how
the immune system combats disease.
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Chapter 1: Introduction
Humans have a complex immune system composed of 2 branches, the innate and adaptive
immune system, which have the overall goal of keeping the host healthy and in a state of
homeostasis. However, the 2 branches differ in how they achieve this goal. The highly complex
human immune system is composed of a number of different cell types, using many different
signalling molecules and receptors to detect the presence of pathogens and eliminate them.
Though the functions of the components of the immune system are very well studied, there are
still a number of gaps in our knowledge and new discoveries are made daily.

The main role of the innate immune system is the detection and elimination of pathogens
accomplished, in part, by the activities of monocytes and macrophages.

THP-1 monocytic cells

were developed from the blood of a young boy with leukaemia (1) and are extensively used as a
model cell line for understanding the role of monocytes and macrophages in innate immune
system function. Although many bacteria have been used as models of bacterial pathogens,
Salmonella enterica is a widely studied genus of facultative intracellular bacteria that has been
shown to infect monocytes and macrophages, as well as other host cells (2). Upon infection,
there is a battle between the immune cell, that works to protect the host by killing the
internalized bacterium, and the bacterial cell, that aims to proliferate and subsequently infect new
host cells.

In 2002 a new cytokine, named interleukin 27, was discovered and found to have a role in the
adaptive immune system (3). Cytokines are signalling proteins secreted by immune cells in
order to bring about a specific change in other cells. In the years since its discovery, IL-27 has
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been shown to have both a pro- and anti-inflammatory role in the adaptive immune system (4),
however the role of this cytokine in the innate immune system is less well known.

This work seeks to extend the understanding of the role of IL-27 in the innate immune system as
the role of IL-27 in the innate immune response is not well understood. In particular, the
research focused on determining if IL-27 stimulation of THP-1 cells provided a protective role
upon subsequent infection by Salmonella.

The infection of THP-1 cells by Salmonella in

different growth phases and with different genetic profiles were evaluated to provide further
insight into bacterial-host interactions during the development of the innate immune response.
The following chapter provides the background information necessary to understand the context
of this research and its outcomes.
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Chapter 2: Literature review
2.1. Innate immunity
The immune system is a group of defence mechanisms that protect the human body from
infectious diseases. In humans the immune system is divided into two different sections: the
innate immune system and the adaptive immune system. The first line of defence against
harmful pathogens is the innate immune system, which is a non-specific immune response made
up of external barriers and phagocytic cells. External defensive barriers to infection include
physical barriers that block the entry of microorganisms into the human body such as the skin
and the mucosal lining of the digestive tract (5). Mechanical barriers move microorganisms out
of the body and include the ciliated cells found in the respiratory tract. Biochemical barriers kill
microorganisms through the presence of lysozymes in tears and saliva (5). Phagocytic cells are
responsible for the recognition and elimination of any microorganisms that have traversed the
external barriers and infected the body. The innate immune system alone does not lead to a
lasting immune response but is nonetheless an important means to eliminate pathogens.
Recognizing and responding to pathogens that have previously been encountered, also known as
‘memory’, is the role of the adaptive immune system.

The cells of the immune system are derived from hematopoietic stem cells found in bone marrow
(6, 7).

These stem cells undergo differentiation into white blood cells and red blood cells.

White blood cells are further differentiated into lymphoid cells (B-, T- and natural killer (NK)
cells resulting from the common lymphoid progenitor) and leukocytes (granulocytes that result
from the common myeloid progenitor) (6). Generally speaking, it is the lymphoid cells that are
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responsible for the adaptive immune response and the leukocytes that are important in innate
immunity.

Monocytes and macrophages are an important part of the innate immune system. Five to 10% of
blood leukocytes are made up of monocytes (8), and a significant reservoir of monocytes exists
in the spleen (9). Upon pathogen detection, monocytes will produce cytokines and chemokines
that promote monocyte migration to the infection site and differentiation of monocytes into
macrophages or dendritic cells. Differentiation occurs when monocytes migrate from the blood
into tissues (10).

The type of cell a monocyte will differentiate into depends on the

environmental signals to which it is exposed (11). When monocytes are exposed to granulocytemacrophage colony-stimulating factor (GM-CSF) plus interleukin (IL) 4 they differentiate into
dendritic cells (11-13).

Upon exposure to macrophage colony-stimulating factor (M-CSF),

monocytes will differentiate into macrophages (11, 14). Other signalling molecules implicated
in the differentiation of monocytes include transforming growth factor β1 and IL-15 (11, 15, 16).

There are several different types of macrophages; they differ in their location and function (17).
While many macrophages are a result of monocyte differentiation (10), there are select
populations of macrophages that are self-renewing, such as pulmonary macrophages, alveolar
macrophages and liver Kupffer cells (18-20). Additionally, macrophages can be classified based
on their activation state.

M0 macrophages are unpolarized cells.

When macrophages are

‘classically’ activated by interferon-γ (IFN-γ) or lipopolysaccharide (LPS), the result is M1
polarized macrophages, which are characterised as producing a strong pro-inflammatory
response (21, 22). ‘Alternatively’ activated macrophages, called M2 polarized macrophages, are
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involved in tissue repair and are a result of stimulation by IL-4 or IL-13 (21). More recently an
additional class of activated macrophages has been reported (21, 23-25).

M3 polarized

macrophages have been shown to produce pro- and anti-inflammatory cytokines (24) and
promote tumour growth (23). These cells are polarized by a number of signals and their role is
tied to the production of IL-10 (21).

2.2. The role of monocytes and macrophages in innate immunity
There are several key roles for monocytes and macrophages in innate immunity. Monocytes are
the surveillance system of the human body in that they are responsible for the detection of
pathogens (26). Once monocytes detect a pathogen, they are responsible for eliminating that
pathogen and alerting the rest of the immune system of the infection through the secretion of
cytokines and chemokines that coordinate the immune response (26). After differentiation,
macrophages are also responsible for pathogen elimination through phagocytosis. Additionally,
these cells process the pathogen in such a way as to present pathogen antigens to T cells in order
to activate the adaptive immune response (27).

2.2.1. Pathogen detection
Monocytes recognize pathogens using pattern recognition receptors (PRRs).

There are 4

families of PRRs: the toll-like receptors (TLRs), the nucleotide-binding oligomerization domain
receptors (NOD-like receptors; NLRs), the retinoic acid-inducible gene (RIG)-I-like receptors
(RLRs) and the C-type lectin receptors (CLRs) (28). These evolutionarily conserved receptors
are constitutively expressed (29) and found on the cell membrane or on intracellular membranes
such as vacuolar membranes.

PRRs recognize evolutionarily conserved molecules found
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associated with micro-organisms, termed pathogen-associated molecular patterns (PAMPs).
PAMPs are components of micro-organisms that are critical to their survival. As a result these
molecules are excellent targets for a non-specific immune response to pathogens. Despite the
evolutionary pressure to alter these molecules to promote pathogen escape from the immune
system, their critical nature for pathogen survival necessitates they have not significantly
changed over time. In addition to pathogen-derived PAMPs, when host cells become damaged,
they also release molecules that some PRRs recognize. These molecules are called dangerassociated molecular patterns (DAMPs; (28, 30, 31)).

The four families of PRRs recognize diverse ligands from diverse origins.

Humans have 10

different TLRs that are characterized by a cytoplasmic Toll/IL-1R homology (TIR) domain.
These different TLRs detect a diverse range of molecules (28, 32-34), as summarized in Table 1
that provides a list of human TLRs, their localization as well as their ligands and the origin of the
ligand. NLRs work synergistically with the TLRs; these receptors are found cytoplasmically and
detect bacterial ligands such as peptidoglycans and muramyl dipeptide (28). RLRs are also
cytoplasmic receptors, however they are responsible for the recognition of viral ligands (28).
CLRs are found on the plasma membrane and detect carbohydrate molecules from viruses,
bacteria or fungi (28).

Arguably one of the most well-studied PRR in humans is TLR4, which is responsible for the
detection of lipopolysaccharide (LPS).

As a component of the outer leaftlet of the outer

membrane of Gram negative bacteria, LPS is a major virulence factor and indicator of infection.
Furthermore, TLR4 alone does not recognize LPS, but requires several co-receptors in order to
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Table 1: Human Toll-like receptors and their ligands. TLRs recognize a variety of ligands, a
number of which are present in Salmonella.
TLR
Ligands(s)
Found in Salmonella?
Reference
Peptidoglycan, lipoproteins,
lipoteichoic acid
Peptidoglycan, lipoproteins,
TLR2
lipoteichoic acid,
atypical lipopolysaccharide
TLR3
Viral dsRNA
Lipopolysaccharide, heat shock
TLR4
proteins,
TLR5
Flagellin
Lipoproteins,
TLR6
Lipoteichoic acid
TLR7
Viral ssRNA
TLR8
Viral ssRNA
TLR9
Unmethylated CpG DNA
TLR10
Unknown
ds: double-stranded; ss: single-stranded
TLR1
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Yes

(35, 36)

Yes

(35-37)

No

(35)

Yes

(35-37)

Yes

(35, 36)

Yes

(35, 37)

No
No
Yes
N/A

(35)
(35)
(35, 36)
(37-40)

facilitate ligand binding and induce a signal cascade.

LPS initially binds to the soluble

lipopolysaccharide-binding protein (LBP), which recognizes lipid A (41, 42). The LBP transfers
LPS to CD14, a co-receptor for TLR4. CD14 is a glycosylphospatidylinositol-linked molecule
that can be found associated with cell membranes or in soluble form (29, 43-45). As CD14 does
not have a signal transduction domain, it cannot activate a signalling cascade by itself.
Therefore, LPS is transferred to myeloid-differentiation protein 2 (MD-2), a protein associated
with TLR4 (45), causing TLR4 to oligomerize and initiating a signalling cascade through the
Toll-interleukin-1 receptor domains (TIR) (46). TLR4 signal transduction occurs through either
the MyD88 dependent pathway or the My88 independent pathway.

The end result is the

induction of pro-inflammatory genes including tumour necrosis factor α (TNFα) and IL-6 (47).

While LPS is an essential part of Gram negative bacteria, some variation does exist in the
molecule itself. LPS from most wild type bacteria is composed of three domains: lipid A (the
part recognized by the LBP), the core and the O-antigen. This form of LPS is termed ‘smooth’
LPS or S-LPS. However, in some wild type strains or mutants the O-antigen is not present (47),
resulting in the ‘rough’ colony phenotype with the resulting LPS termed ‘rough’ LPS (R-LPS).
This variation in O-antigen has been shown to impact the invasiveness and clearance of bacteria
in the host (47, 48). For example, low levels of R-LPS from Salmonella were shown to induce
an oxidative burst in polymorphonuclear leukocytes (PMN), whereas high concentrations of SLPS were needed to induce a low level of oxidative burst (49). The role of oxidative burst in
pathogen clearance is discussed further below. Strains of Brucella that have R-LPS had a higher
level of invasion into monocytes, yet only S-LPS strains were able to replicate inside the host
cells (48). Infection of monocytes with Brucella cells containing R-LPS secreted higher levels
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of cytokines, including the pro-inflammatory cytokines TNFα, IL-6 and the anti-inflammatory
cytokine IL-10 (48).

Additionally, R-LPS from Salmonella and Escherichia coli (E. coli)

induced TLR4 dependent TNFα and IL-6 production in mast cells, which was not seen when the
cells were exposed to S-LPS (47). It was found that increasing the level of soluble CD14
increased the mast cell response to S-LPS, which was unnecessary for mast cells to respond to RLPS (47). This indicates that in mast cells R-LPS does not require the TLR4 co-receptor CD14
in order to activate the cells and produce a cytokine response. Though this work was done in
mast cells, not monocytes which are the focus of this research, this data indicates that variation in
the O-antigen component of LPS in Gram negative bacteria influences its interaction with TLR4
and its co-receptors.

TLR5 is another important PRR in the detection of Salmonella. This TLR detects flagellin, a
protein component of flagella (50) which is a key bacterial appendage responsible for motility.
There is variation in the ability of flagellins to activate the immune system. For example, the
concentration of flagellin from Pseudomonas aeruginosa required to induce half the maximum
amount of TNFα in human primary monocytes was 10 fold higher than the amount of flagellin
from Salmonella enterica serovar Enteritidis or Salmonella enterica serovar Typhimurium (S.
typhimurium) required to produce half the maximum amount of TNFα (51). Activation of TLR5
by E. coli has also been implicated in the production of IL-8 (52), a cytokine with proinflammatory roles (53). Like TLR4, TLR5 signals through the MyD88 dependent pathway
(54).

9

2.2.2. Antimicrobial mechanisms
Once a pathogen has been detected by a monocyte or a macrophage, it is engulfed through a
process known as phagocytosis in order to eliminate the pathogen. Once inside the immune cell,
the pathogen is found inside a phagosome, which is readily targeted for degradation through
fusion with a lysosome in a process called xenophagy (55). Fusion of the phagosome with the
lysosome results in a phagolysosome that is rapidly acidified through the action of the vacuolar
ATPase (56). This acidification is one of several methods phagocytic immune cell employ to kill
pathogens. The lysosome also brings antimicrobial peptides (termed lysosomal hydrolases (55))
as well as reactive oxygen species (ROS) to the phagolysosome with the end result of killing and
breaking down the pathogen. Additionally, reactive nitrogen species (RNS) are produced in the
phagolysosome and used to kill pathogens.

The role of ROS has been thoroughly studied in Salmonella infection models. Approximately 1
hour after infecting an immune cell, S. typhimurium will recruit diacylglycerol (DAG) to the
Salmonella-containing vacuole (SVC), the membrane-bound compartment Salmonella resides in
upon uptake by immune cells. Recruitment of DAG leads to the activation of protein kinase C
(PKC) δ, which is responsible for the production of ROS by activating nicotinamide adenine
dinucleotide phosphate oxidase (NADPH) (55). NADPH oxidase produces the cytotoxic oxygen
radical superoxide (O2·–) that spontaneously produces hydrogen peroxide (H2O2) (57-59). An
additional enzyme, found in neutrophils and monocytes but not macrophages, called
myeloperoxidase, converts superoxide and hydrogen peroxide into hypochlorite (OCl–),
hypobromite (BrO–) or hypoiodite (OI–) (57, 60). These ROS are responsible for pathogen
inhibition and death, however, they are also involved in cell signalling (57). In cell culture
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models it was determined that ROS are responsible for Salmonella cell death within the first few
hours after uptake into macrophages (59). The precise role of ROS in pathogen cell death is still
largely unknown (61). It is thought that ROS damages pathogen DNA and evidence of this has
been seen in studies with E. coli (61).

Unlike E. coli, Salmonella is an intracellular pathogen

that actively works to evade oxidative stress through a group of closely clustered genes called
Salmonella-pathogenicity island (SPI) 2. The role of SPI-2 in Salmonella survival is discussed
further below.

RNS are generated by inducible nitric oxide synthase (iNOS). Nitric oxide radicals (NO·) are
short-lived and have weak antimicrobial activity against Salmonella (59, 62), but like ROS, nitric
oxide can be converted to other cytotoxic radicals such as nitrogen dioxide (NO2·), dinitrogen
trioxide (N2O3) and S-nitrosothiols (63). Additionally, the actions of iNOS and NADPH oxidase
together can form the highly toxic radical peroxynitrite (ONOO–) that has been implicated in
enhanced cell death of S. typhimurium (59, 62, 64, 65). Peroxynitrite oxidizes lipids, proteins
and DNA. ROS and RNS act temporally; S. typhimurium death by ROS was shown to be limited
to the first few hours after in vitro infection of mouse peritoneal macrophages whereas RNS
initially acted in concert with ROS, but maintained a prolonged bacteriostatic effect (59). These
results were confirmed in mice in vivo (58).

Another way pathogens are targeted for elimination in the innate immune system is through the
production of antimicrobial peptides. These proteins are typically less than 100 amino acids and
are either constitutively expressed or rapidly induced upon pathogen recognition (66, 67). Many
antimicrobial peptides have cationic segments that allows them to pierce or disrupt the
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membrane of micro-organisms (67).

Antimicrobial peptides can either be secreted to kill

extracellular micro-organisms or be brought into contact with intracellular pathogens through
lysosomal fusion with the phagosome (66, 68-71). The spectrum of activity varies depending on
the peptide (66). There are many different sources of secreted antimicrobial peptides including
epithelial cells, neutrophils, monocytes, macrophages, mast cells and T cells (67). In addition to
their antimicrobial activities, some of these peptides have been shown to have a role in
chemoattraction and activation of immune cells (72).

There are several different types of antimicrobial peptides. Cathepsin G, released through
degranulation of neutrophils, is a serine protease that has antimicrobial activity, but also has a
role in the activation of macrophages and the production of pro-inflammatory cytokines such as
TNFα and IL-1β (72). The complement system is a series of antimicrobial peptides that, through
one of three different activation pathways, results in the formation of a membrane attack
complex (MAC) in the membrane of the infecting micro-organism leading to the production of a
pore through which many critical components of the cytoplasm (ions and small molecules) can
escape (72). An influx of water can also occur, leading to osmotic stress and ultimately lysis of
the cell. Defensins, also known as human neutrophil peptides (HNPs), are a large family of
proteins that may be secreted by numerous cells types including neutrophils and epithelial cells
or reside in phagosomes (67, 72). When a defensin comes in contact with a pathogen it forms
pore through in membrane (73). Like cathepsin G, defensins can induce pro-inflammatory
cytokines (72).

Other antimicrobial peptides include lytic enzymes such as lysozyme and

proteins that sequester essential nutrients such as the iron sequestering protein ferroportin (66,
74).

12

2.2.3. Cytokine production by monocytes and macrophages
The result of PAMP detection by PRRs is the production of cytokines, including proinflammatory cytokines that have roles in inflammation and immune cell activation.

One

example of a pro-inflammatory cytokine is TNFα that is primarily produced by monocytes and
macrophages (75). TNFα binds to two different receptors: TNF receptor (TNFR) 1 and TNFR2
(75).

TNFR1 and TNFR2 are differentially expressed, with TNFR1 found constitutively

expressed by most human cells and TNFR2 expressed by immune cells, and differentially
activated with TNFα binding to TNFR1 irreversibly and reversibly to TNFR2 (75, 76). As a
pleotropic cytokine, TNFα has many roles in the human body. Even though TNFα is a proinflammatory cytokine, neutralization of TNFα has been shown to reduce the production of other
pro-inflammatory cytokines (77), indicating that it has a role in the production of proinflammatory cytokines.

TNFα produced and secreted by macrophages also activates

macrophages. This activation is through NF-κB (78), the transcription factor that is responsible
for the production of pro-inflammatory cytokines including TNFα. Mice deficient in TNFR1
failed to induce NF-κB in T cells (79) indicating a role for TNFα in the activation of T cells. In
addition to its role in inflammation and macrophage activation, TNFα has been shown to have a
role in proliferation (80), differentiation (81) and apoptosis (programmed cell death) of
macrophages (82, 83). TNFα and TNFR1 have been shown to be required in nitric oxide
production in mice (84). The role of nitric oxide in pathogen clearance will be discussed further
below. Additionally, TNFα has a role in the regulation of TLRs in macrophages (85) and the
proliferation of B cells (86).
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In the later stages of inflammation monocytes and macrophages also produce anti-inflammatory
cytokines, such as IL-10. This cytokine is responsible for ‘shutting down’ the immune response
after the pathogen has been cleared to prevent the immune system from causing too much
damage to the host (87). In monocytes and macrophages IL-10 inhibits the further production of
pro-inflammatory cytokines and chemokines (87).

Additionally, IL-10 has a number of

important roles in the adaptive immune response, which are outside the scope of this thesis.

Monocytes and macrophages are also responsible for the production of immune-regulating
cytokines, such as IL-27. IL-27 is a heterodimeric cytokine discovered in 2002 (3). As shown in
Figure 1, IL-27 is composed of the Epstein-Barr virus-inducible gene 3 (EBI3) and IL-27p28
(p28) subunits, which interact with the heterodimer receptor composed of IL-27Rα (WSX-1) and
gp130 (88). This cytokine is predominately produced by antigen presenting cells, such as
monocytes and macrophages (3). Since its discovery, IL-27 has been implicated in numerous
roles in the immune system including both immunoregulatory and pro-inflammatory roles (4,
89).

In the adaptive immune response, IL-27 causes proliferation and the production of

interferon (INF) γ by naïve T cells (3). Conversely, WSX-1-deficient CD4+ T cells and CD4+
and CD8+ T cells from WSX-1-/- mice infected with Toxoplasma gondii showed increased
proliferation and INF-γ production (4, 90). IL-27 also promotes the production of IL-10 from T
cells (89, 91, 92). Although there are a number of additional roles for IL-27 in the adaptive
immune response, the focus of this thesis is on the role of IL-27 in the innate immune response.

IL-27 has been shown to have a strong pro-inflammatory role in both primary human monocytes
and THP-1 monocytic cells (93). When primary human monocytes were stimulated with IL-27
for 24 hours a 2-fold or greater increase in the amount of MIP-1α, MIP-1β, IP-10 and GRO-α
14
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Figure 1. Structure of IL-27 and the IL-27 receptor. The cytokine IL-27 is composed of the
noncovalently linked Epstein-Barr virus inducible gene 3 (EBI3) and p28 protein subunits. The
IL-27 receptor is composed of the glycoprotein gp130 and WSX-1. Adapted from (94)
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chemokines and TNFα, IL-1β and IL-6 cytokines was seen (93). Decreases in the production of
in IL-8, IL-16, serpinE and MIF were also seen upon IL-27 stimulation (93). LPS stimulation of
primary human monocytes results in the enhanced production of TNFα, IL-6, MIP-1α and MIP1β (95). When primary human monocytes were pre-treated with IL-27 prior to stimulation with
LPS, the monocytes showed increased production of TNFα, IL-6, MIP-1α and MIP-1β compared
to LPS stimulation alone (95). The enhanced production of these pro-inflammatory cytokines
and chemokines were shown to be due to STAT1/3 activation resulting in NF-κB activation (93,
95).

Conversely, IL-27 has been shown to have an anti-inflammatory role in the innate immune
system. IL-27 has been shown to impair the acidification of the phagolysosome by reducing the
expression of the vacuolar ATPase in macrophages (96). As acidification of the phagolysosome
is one of many anti-microbial mechanisms used to kill pathogens, reduced acidification is
expected to result in an increase in the bacterial load. Indeed, increased levels of Mycobacterium
tuberculosis (M. tuberculosis) were seen in vivo in mice without WSX-1 and in vitro in IL-27
neutralized macrophages (97, 98).

Looking closer at the effect of IL-27 on human immunodeficiency virus (HIV) infection of
monocytes, IL-27 was shown to increase the expression of tetherin/bone marrow stromal cell
antigen 2 (BST-2) in peripheral blood monocytes (99). BST-2 is an important host protein that
prevents HIV virions from budding from host cell membranes (100), thus increasing the
expression of this protein limits HIV infection. IL-27 treatment of human monocyte-derived
macrophages also conferred resistance to HIV replication through the down regulation of
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spectrin β nonerythrocyte 1 (SPTBN1) (101) thus making it an attractive therapy for HIV
infection (102). However, HIV has mechanisms to avoid detection and elimination by the
immune system. In peripheral blood monocytes of HIV positive patients, 24 hours of IL-27
stimulation of the monocytes resulted in overall lower levels of TNFα, IL-6 or IL-10 compared
to peripheral blood monocytes isolated from healthy controls (103). This implied that HIV
infection of monocytes prevented IL-27 induction of pro- and anti-inflammatory cytokines.

The literature reports little on the role of IL-27 on ROS production or pathogen death in innate
immune cells. One paper showed that neutrophils stimulated with IL-27 and LPS at the same
time produced less ROS than when stimulated with LPS alone (104). Additionally, IL-27
treatment of neutrophils did not increase TNFα production (104) however no additional stimulus,
such as LPS, was added. In this case IL-27 did not show a pro-inflammatory response in
neutrophils.

The role of IL-27 in nitric oxide production in macrophages is slightly better studied. Mouse
microglia, macrophages located in the central nervous system, produce TNFα and iNOS when
treated with the cytokine oncostatin M (105). When pre-treated with IL-27 for 4 hours followed
by treatment with oncostatin M, production of TNFα and iNOS was inhibited (105), showing
that IL-27 had an anti-inflammatory effect on microglia while oncostatin M had a proinflammatory effect.

Conversely, in mouse thioglycollate-elicited peritoneal macrophages

treated with both IL-27 and LPS the production of nitric oxide was increased (106). The
increase in nitric oxide was shown to be caused by an increase in TLR4 and acted through
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STAT1 (106). Together these studies indicate that IL-27 has differing roles depending on cell
type and location.

2.3. The intracellular pathogen Salmonella
The leading cause of acute gastroenteritis is by the Gram negative enteric facultative intracellular
pathogen, Salmonella (107). There are two recognized species, S. bongori and S. enterica, and
each species includes multiple subspecies or serovars (108). S. enterica serovar Typhimurium
(S. typhimurium) has been the second most common serotype isolated from humans in the world
since 1990 (109, 110). In the United States, non-typhoidal Salmonella was estimated to cause
1.4 million cases of salmonellosis per year and was responsible for 31% of foodborne deaths in
1999 (111). Globally, an estimated 94 million cases of non-typhoidal salmonellosis occur per
year, of which 80 million are foodborne, and caused an estimated 155 000 deaths in 2010 (107).

Salmonella is transmitted primarily through the fecal-oral route.

Vegetables, fruits and

processed foods can lead to salmonellosis when they have been contaminated with Salmonella
through improper handling.

Additionally, chickens can be carriers of Salmonella (112),

therefore chicken meat and eggs need to be handled with care and cooked to the appropriate
temperature to avoid foodborne illness and cross contamination.

As a facultative intracellular pathogen, Salmonella can replicate both inside and outside of a host
cell. The environment outside the host varies compared to inside the host; additionally, the host
provides considerable variation in the local environment S. typhimurium may find itself. To this
end S. typhimurium requires the ability to be able to sense and respond to these different
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environments or cell stresses. Two component systems are an important way to sense changes in
the environment and signal a response within the cell. One such system is the Cpx stress
response system. This system detects changes in the cell membrane, such the over expression of
lipoprotein NlpE, of Gram negative bacteria including E. coli, Vibrio chloerae and Salmonella,
and results in alternations in the gene expression of proteins involved in important cell processes
such as efflux, transport, secretion, protein folding, signal transduction and cell wall modification
(113, 114).

When the Cpx stress response pathway is triggered, a number of genes are

upregulated in S. typhimurium including the serine/threonine protein kinase rdoA (115, 116).
RdoA has a role in flagella phase variation (115) and its E. coli homologue, YihE, has been
shown to have protective role against stress-mediated cell death due to the accumulation of ROS
inside the bacterial cell (117).

Additionally, the Cpx pathway was shown to repress the

expression of genes encoded in the SPI-1 and SPI-2 loci by repressing hilD, one of the regulators
of SPI-1 and SPI-2 gene expression (118).

2.3.1. Systemic infection
Upon consumption, Salmonella passes through the stomach and enters the intestinal tract. In
order to access the host tissues and blood stream, Salmonella must cross the epithelial cell layer
that lines the intestinal tract. It does this by upregulating the genes encoded in the SPI-1, that
include a type three secretion system that, when upregulated, results in the facilitated uptake of
the bacterium by the host cell (119). SPI-1 will be discussed further below. Non-typhoid strains
of Salmonella typically only cause gastroenteritis, a localized infection of the gastrointestinal
tract, however, occasionally the bacterium can spread outside the gastrointestinal tract (120) and
ultimately lead to death of the host. A systemic infection occurs when Salmonella passes
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through the epithelial layer of the intestinal tract and into the lamina propria and the blood.
Several routes through the epithelial layer exist, but the route most commonly used by
Salmonella is through M cells, specialized epithelial cells with a role in antigen presentation to
immune cells (121, 122). M cells are a good target for Salmonella as M cells bring the bacterium
in close proximity to monocytes and macrophages. Inside the immune cells Salmonella can be
disseminated to tissues such as the spleen or liver where the bacterium can hide inside host cells
away from antibiotics and immune cell detection (120, 121, 123).

2.3.2. Salmonella infection of monocytes and macrophages
Microscopy of mice infected with Salmonella has shown that the bacterium predominately
resides in phagocytes (120, 124). Salmonella is recognized by monocytes and macrophages
through a number of phagocytic recognition receptors including scavenger receptors and
mannose receptors ultimately resulting in their uptake (125).

A summary of Salmonella-

associated PAMPs along with the TLR responsible for the detection of the ligand can be found in
Table 1.

Once inside macrophages, Salmonella resides inside the SCV. Maturation of the SCV occurs in
3 stages; each stage has a different group of SPI-1 or SPI-2 encoded effector proteins involved in
the process (126). The three stages are: early (up to 30 minutes post infection, SPI-1 effectors
dominate), intermediate (30 minutes to approximately 5 hours, SPI-2 effectors dominate) and
late (5 hours and later, SPI-2 effectors dominate) (126). The role of SPI-2 in infection is
discussed further below. Figure 2 depicts the series of events that lead to Salmonella invasion
and proliferation inside macrophages. One of the critical steps in this process is the acidification
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Figure 2: Salmonella infection of host cell. Salmonella has 2 main methods of invasion: SPI-1
mediated invasion which is essential for the invasion of epithelial cells and host cell-mediated
phagocytosis. Both methods result in host cell actin rearrangement and ultimately lead to the
uptake of the bacterium. Within 60 minutes of uptake the Salmonella-containing vacuole (SCV)
acidifies resulting in the induction and secretion of SPI-2 effectors. Over time, with the help of
SPI-2 effectors, the SCV matures and starts forming Salmonella-induced filaments (SIFs) and
the bacterium starts to replicate. Adapted from (2, 126).

21

of the SCV, which occurs within the first 60 minutes (126-128). The method of Salmonella
internalization does impact the level of acidification by 60 minutes, however all internalization
methods tested resulted in a drop in pH to less than 4.5 by 8 hours post infection, the second time
point tested (128).

Interestingly, a recent paper has shown that TLRs were required for

acidification of the SCV (36). This paper also showed that mice lacking TLR2 and TLR4 were
more susceptible to infection then wild type mice, while mice lacking TLR2, TLR4 and TLR9
did not succumb to infection with S. typhimurium (36). This is not expected as the role of TLRs
is to aid the detection and clearance of pathogens by the immune system. It was shown that bone
marrow-derived macrophages lacking TLRs did not acidify (36) which is an important signal for
the induction of SPI-2 (129). It is important to note that mice macrophages do not have TLR5
(36) therefore the requirement of this TLR in the outcome of S. typhimurium infection cannot be
studied in mice. Once the SCV acidifies, a number of SPI-2 meditated events lead to SCV
maturation, Salmonella proliferation inside the vacuole and, in upwards of 80% of the in vitro
cells studied, the development of Salmonella-induced filaments (SIFs) (126, 130). In THP-1
macrophage-like cells, S. typhimurium infection ultimately led to apoptosis in nearly 100% of the
cells within 5.5 hours (131).

2.3.3. Salmonella pathogenicity island 1 (SPI-1)
The genes located in the SPI-1 locus are primarily involved in host cell invasion (132).
Expression of these genes is regulated by HilA (133), the expression of which is further
regulated by HilD, HilC and RtsA (134). Several environmental signals are also involved in the
regulation of SPI-1 and HilA, including pH and osmolarity (119, 133, 134). Once Salmonella is
inside the intestinal tract of the host and in proximity to epithelial cells, SPI-1 effector proteins
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are secreted into the host cell by the type three secretion system (TTSS), a specialized secretory
complex, to initiate the cytoskeletal rearrangements required for invasion (119). A few of the
important effectors encoded on SPI-1 include SipC, SipA, SspH1 and several Sop proteins (119).
SipC is part of the TTSS that translocates effectors across the bacterial and host cell membranes
and also has actin nucleation activity (135, 136).

SipA promotes actin filamentation and

prevents depolymerisation (137, 138). SopB, SopE and SopE2 are responsible for activating
host cell GTPases, proteins involved in initiating cytoskeletal rearrangements (139). The end
result of effector activity is actin rearrangements and Salmonella-induced phagocytosis. Once
Salmonella is inside the cell SspH1 inhibits the NF-κB-induced gene expression and
downregulates IL-8 expression (140).

2.3.4. Salmonella pathogenicity island 2 (SPI-2) and its role in infection
Upon entry into the host cell and acidification of the SCV, the SPI-2 locus is induced. These
genes have been shown to be required for intracellular growth of S. typhimurium (36), but are not
required for intracellular survival for S. enterica serovar Typhi (141).

SPI-2 encoded proteins

are involved in the translocation of at least 20 effector proteins into the host cell cytoplasm
(119). Three different two component systems are responsible for the regulation of the genes
found in the SPI-2 locus: SpiR/Ssrb, EnvZ/OmpR and PhoQ/PhoP (119). A number of effectors,
SifA, PipB2, SseG, SseF and SseJ, are involved in the maturation of the SCV and the
development of SIFs (119, 126).

Of greater interest to this thesis are the SPI-2 effectors that antagonize the anti-microbial
mechanism of the host immune system. A greater percentage of SCV containing S. typhimurium
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strains with mutations in sseD or ssaT contained superoxide radicals compared to wild type
bacteria in both human and mouse macrophages (142). These effector proteins were shown to
inhibit the assembly of NADPH oxidase in the SCV membrane (142). Mice infected with S.
typhimurium strains with mutated ssrA, ssaJ, ssaV or sseB had decreased virulence compared to
the wild type strain, however virulence was largely restored when these strains were used to
infect mice with defective NADPH oxidase (143). This indicates that a number of proteins are
involved in disrupting the production of ROS. The sseB mutant was further shown to have
increased co-localization of S. typhimurium with cerium perhydroxide compared to the wild type
strain (143). Cerium perhydroxide is an electron dense product of the reaction of the ROS
hydrogen peroxide with cerium chloride (143, 144). Increased co-localization of S. typhimurium
with cerium perhydroxide indicated S. typhimurium was co-localized with hydrogen peroxide.
Additionally, SPI-2 encodes SodCI and SodCII, 2 copper, zinc-cofactored superoxide
dismutases, proteins that break down superoxide into hydrogen peroxide; these proteins are
required by S. typhimurium to detoxify ROS (145-147). Hydrogen peroxide is still a dangerous
ROS to Salmonella, however the bacterium has mechanisms that are encoded outside of SPI-2 to
combat hydrogen peroxide and the resulting DNA damage (148). Overall, the SPI-2 locus
encodes a number of effector proteins responsible for the detoxification of ROS leading to the
successful infection of host cells.

The expression of the genes encoded in the SPI-2 locus also protects Salmonella against host
RNS. It was shown that although similar levels of nitric oxide were produced by macrophages
infected with wild type and SPI-2 mutant strains, however, SPI-2 was needed to prevent iNOS
co-localization with S. typhimurium (149). Mutations in the SPI-2 loci sseB, ssaV, ssaJ, ssrA, or

24

ssrB were all shown to increase the co-localization of iNOS with S. typhimurium (149).
Additionally, a mutation in nirC was shown to decrease S. typhimurium proliferation inside
macrophages (150), indicating that NirC has a protective role for the bacterium. SPI-2 was also
shown to prevent the co-localization of the peroxynitrite with the bacterium in macrophages
(149).

Finally, the 2 component system PhoP/Q, which regulates expression of the genes

encoded on SPI-2, has been implicated in reducing the cytotoxic effects of RNS (151).

2.4. Hypothesis and objectives
The role of IL-27 in the innate immune response is largely unknown. The goal of this research
was to examine the role IL-27 plays in the innate immune response to S. typhimurium infection
using the human monocytic cell line, THP-1. As previous evidence has already shown IL-27
increased pro-inflammatory cytokine production in monocytes, it is hypothesized that IL-27 pretreatment of THP-1 monocytic cells enhances the ability of THP-1 cells to fight infection by S.
typhimurium. The resistance to infection may result in a reduction in the initial invasion of S.
typhimurium into THP-1 cells, enhanced killing of internalized bacteria by the THP-1 cells
and/or a reduction of bacterially-induced apoptosis of the THP-1 cells. It is also hypothesized
that IL-27 pre-treatment of THP-1 cells will lead to an enhanced pro-inflammatory response
characterized by increased IL-6 and TNF-α production.

The first objective was to optimize a S. typhimurium infection protocol with sufficient levels of
THP-1 cell infection to be able to assess if differences in initial S. typhimurium invasion, THP-1
cell death or the elimination of internalized S. typhimurium occur. Effective infection of THP-1
cells was demonstrated through the use of multiple strains/mutants of S. typhimurium. Next, the
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effect that IL-27 pre-treatment has on S. typhimurium infection of THP-1 cells and the THP-1
cell response to infection was characterized by examining the initial invasion of THP-1 cells and
the subsequent survival of S. typhimurium with or without IL-27 pre-treatment of the THP-1
cells. Additionally, the level and rate of THP-1 cell death in response to S. typhimurium
infection was compared when stimulated with or without IL-27. THP-1 cells were also predicted
to respond when pre-treated with IL-27 with an increase in pro-inflammatory cytokine
production upon infection; this outcome was examined by monitoring the extracellular levels of
cytokines.

26

Chapter 3: Materials and Methods
3.1. Bacterial strains and culture conditions
The Salmonella enterica serovar Typhimurium (S. typhimurium) strains used in this study and
their corresponding plasmids are listed in Table 2 and 3, respectively. All strains were stored at 80oC in 15% glycerol. For use in experiments, S. typhimurium was streaked for single colonies
onto LB agar plates (see Appendix A for reagent ingredients for all solutions) and grown
overnight at 37oC. A single colony was used to inoculate 3 mL of pre-warmed LB broth and
grown on a rotary shaker overnight for 16 hours at which point the culture is in late stationary
phase. When an experiment required S. typhimurium to be grown in late exponential phase, the
overnight culture was subcultured by the removal of 0.75 mL of a 16 hour overnight culture and
adding it to 24.25 mL pre-warmed LB-Miller media in a 125 mL Erlenmeyer flask, a dilution of
1 in 33 as in reference (152). The cells were grown with shaking (200 rpm) at 37oC for 3.5
hours.

If required, ampicillin was added to the LB media and agar at a concentration of 100 µg/mL
(unless otherwise stated) to maintain plasmids. Induction of the expression of NlpE from pND18
along with the control pBAD18 vector (Table 3), was accomplished by the addition of 0.2% w/v
L-arabinose from 20% frozen stock solutions made in milliQ water at the start of the 3.5 hour
subculture when the experiment required late exponential phase bacteria or added 3.5 hours
before the start of infection (i.e. 12.5 hours after inoculation into LB broth) when the experiment
required late stationary phase bacteria. The addition of 0.2% w/v D-glucose as a sugar control
with wild type S. typhimurium (NLM2387) which does not contain a pBAD18 vector from 20%
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Table 2. Salmonella enterica serovar Typhimurium strains used in this study.
Strain
Plasmid
Description
Reference
NLM2243
pND18
SL1344 containing pND18
This study
NLM2244
pBAD18
SL1344 containing pBAD18
(115)
NLM2351
pBAD18
SL1344 rdoA null strain containing pBAD18
This study
NLM2352
pND18
SL1344 rdoA null strain containing pND18
This study
r
NLM2387
SL1344, his Str
(153)
SL1344 Xen33 which contains a chromosomal
a
NLM2388
insertion of Photorhabdus luminescens lux
Perkin Elmerb
operon
a
NLM2389
pFPV25.1 SL1344 containing pFPV25.1
(154)
a
Strains kindly provided by E. Petrof, Gastrointestinal Disease Research Unit, Queen’s
University, Kingston Ontario.
b
Strain was developed by Perkin Elmer

Table 3. Plasmids used in this study.
Plasmid
Description
pBAD18 Ampr araC
pBAD18 derived plasmid containing E. coli nlpE under the
pND18
control of the pBAD promoter which uses L-arabinose to express
araC
pFPV25.1 pFPV25 φrpsM′-gfpmut3
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Reference
(155)
(114, 115)
(154)

frozen stock solutions made in milliQ water in the same times frames as the addition of Larabinose.

3.2. Cell culture and PMA treatment
THP-1 monocytic cells (1) were obtained from the American type culture collection (ATCC) and
frozen in freezing medium (see Appendix A) until used. Prior to experimentation THP-1 cells
were thawed, diluted 1 in 10 and spun at 800 x g for 5 minutes. The freezing medium was
removed and the THP-1 cells were transferred to 75 cm2 tissue culture flask (Sarstedt) and grown
in suspension in antibiotic-free pre-warmed RMPI 1640 (0.03% w/v L-glutamine, 25 mM
HEPES, 0.2% w/v sodium bicarbonate; Gibco by Life Technologies) plus 10% v/v heat
inactivated fetal bovine serum (FBS; Gibco by Life Technologies). Cells were incubated in 5%
CO2 at 37oC and media was refreshed as needed to maintain healthy cells. Approximately every
week cells were removed to a new tissue culture flask to prevent them from sticking to the
bottom of the flask, a sign of unhealthy THP-1 cells. THP-1 cells were incubated in this manner
and used for experimentation for no longer then 6-8 weeks before discarding and starting with
freshly thawed THP-1 cells. Cells were grown for a minimum of 5 days after thawing before
use.

Experiments were conducted with THP-1 cells in 1 mL volumes in 12-well plates (Corning) at a
concentration of approximately 1x106 cells/mL (unless otherwise stated). THP-1 cells were
treated with phorbol 12-myristate 13-acetate (PMA; Invitrogen) to differentiate the monocytic
cells into adherent macrophage-like cells (156-159). When an experiment required PMA-treated
macrophage-like THP-1 cells, the cells were spun down at 800 x g for 5 minutes and then
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resuspended at a concentration of approximately 1x106 cells/mL in fresh pre-warmed RPMI
1640 + 10% v/v FBS media in a falcon tube. The concentration of THP-1 cells was determined
by counting with a hemocytometer (see below). Frozen PMA stocks (5 mg/mL in DMSO) were
diluted 1 in 50 000 into PBS (Appendix A) and added to the THP-1 cells (still in the falcon tube)
at a final concentration of 10 ng/mL (16 mol/L). Cells were then added to 12 well plates with 1
mL of cells in each well (approximately one million cells per well). THP-1 cells were incubated
with PMA for 48 hours. To maintain the health of the cells and replace media volume lost to
evaporation, 200 µL of fresh pre-warmed media was added to each well approximately 24 hours
after the start of PMA treatment. No additional PMA was added at this time. After 48 hours the
PMA-containing media was removed by aspiration and 1 mL of fresh media was added to each
well. The cells were incubated for a further 48 hours prior to infection. Sixteen to 24 hours
before THP-1 cell infection 200 µL of fresh pre-warmed media was added to each well to
maintain the health of the cells and to compensate for evaporation. When monocytic THP-1
cells were required, THP-1 cells were spun down at 800 x g for 5 minutes and resuspended in
fresh pre-warmed RPMI 1640 + 10% v/v FBS media at a concentration of approximately 1x106
cells/mL before cells were added to 12 well plates with 1 mL of cells in each well
(approximately one million cells per well).

Non-adherent THP-1 cells were infected

immediately afterwards. Each condition was tested in triplicate.

To determine the THP-1 cells concentration the cells were thoroughly mixed and a 10 µL sample
was removed and diluted 1:2 into 0.1% w/v trypan blue solution (final concentration of 0.05%).
The number of stained and unstained THP-1 cells were counted in five individual squares of a
hemocytometer and the number of cell per square averaged. A minimum of 2 samples were
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counted in this manner and the average number of cells per square was used to determine the
THP-1 cell concentration using the formula: average number of cells/square x dilution factor
x 104 cells/mL.

3.3. IL-27 treatment and infection of THP-1 cells
Frozen IL-27 stocks (50 µg/mL in PBS + 0.1% w/v bovine serum albumin; R&D Systems) were
diluted into PBS and added to PMA-treated THP-1 cells 16 hours prior to use in infection
experiments at a final concentration of 50 ng/mL. Sixteen hours of IL-27 pre-treatment was used
as it has previously been shown that primary monocytes stimulated with IL-27 have maximal
pro-inflammatory cytokine production at approximately 16 hours post IL-27 addition (93). To
infect PMA-treated THP-1 cells the optical density at 600 nm (OD600) of the S. typhimurium
culture was measured to determine the approximate number of cells in the culture. Previously
constructed standard curves which compared the OD600 to the number of S. typhimurium
cells/mL were used to establish the relationship between the optical density and cell numbers for
the different strains and growth phases used. S. typhimurium was diluted into PBS to achieve an
approximate final concentration of 1x108 cells/mL. One hundred µL of diluted bacteria were
added per well of PMA-treated THP-1 cells to achieve and overall approximate multiplicity of
infection (MOI) of approximately 10. An MOI of 10 means that there are 10 S. typhimurium
cells for every 1 THP-1 cell. When the concentration of THP-1 cells was not approximately
1.0x106 cells/mL, S. typhimurium was diluted further such that the addition of 100 µL of the
stock dilution to 1 mL of THP-1 cells would provide an MOI of 10. When a different MOI was
required, S. typhimurium was diluted such that the addition of 100 µL of the stock dilution to 1
mL of THP-1 cells would provide the correct MOI. The bacteria were thoroughly mixed with
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PMA-treated THP-1 cells by gentle aspiration with a pipette in the well. In order to confirm the
MOI, the colony forming units (CFU) of S. typhimurium stock made in each experiment were
determined through serial dilution, plating onto LB agar and grown overnight at 37oC.

3.4. Gentamicin protection assay
A gentamicin protection assay was used to quantify the internalized S. typhimurium that initially
infected the THP-1 cells. PMA-treated THP-1 cells were infected as described above, with each
condition tested in triplicate. After 30 or 60 minutes of infection at 37oC in 5% CO2, gentamicin
(Bioshop; diluted in sterile milliQ water) was added to a final concentration of 20 µg/mL to each
well for 30 minutes in order to kill extracellular S. typhimurium. After gentamicin treatment (20
µg/mL), THP-1 culture supernatants were removed and spun at 800 x g for 5 minutes to pellet
any non-adherent THP-1 cells.

The supernatant was frozen at -80oC for enzyme-linked

immunosorbent assay (ELISA). THP-1 cells were then lysed (for lysis buffer see Appendix A
and reference (160)) and cell lysates were added to the THP-1 cell pellet, serially diluted in PBS
and plated onto LB agar to determine the total CFUs of internalized S. typhimurium.

A modified gentamicin protection assay was used to quantify the surviving internalized S.
typhimurium over time. After infection and gentamicin treatment, THP-1 culture supernatants
were removed, spun and frozen as before. One mL of fresh pre-warmed RMPI 1640 + 10% v/v
FBS with 20 µg/mL gentamicin was added to each well and the THP-1 cell pellet was added
back to its original well. The cells which were incubated at 37oC in 5% CO2 for a further 6.5-11
hours before supernatant removal, THP-1 cell lysis and S. typhimurium quantification as above.
Figure 3 depicts the infection and sampling timelines.
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3.5. Quantification of internalized S. typhimurium by luminescence
To determine if luminescence could be used to accurately quantify internalized S. typhimurium, 1
mL of non-adherent, THP-1 cells (1x106 cells/mL) were infected at an MOI of 0.1, 1 or 10 for 30
minutes with the luminescent strain S. typhimurium Xen33 (Perkin Elmer; see Table 2) grown
for 16 hours. Samples were washed twice by centrifugation at 300 x g for 5 minutes in PBS
immediately after infection, lysed in lysis buffer and thoroughly mixed before 2 x 100 µL was
removed to a white 96-well plate and the luminescence measured in a GloMax 96 Microplate
Luminometer (Promega, software version 1.7.1). The entire 96 well plate was measured once
and the sample duplicates averaged and blank subtracted. Cell lysates were also serially diluted
in PBS and plated onto LB agar to enumerate the internalized S. typhimurium Xen33.

A luminescence standard curve (CFU/mL versus relative luminescence reading) was produced as
follows. One mL of S. typhimurium Xen33 grown for 16 hours at 37oC on a rotary shaker was
pelleted at 10 000 x g for 5 minutes, the supernatant removed and the pellet resuspended in 1 mL
of RPMI 1640 + 10% v/v FBS media. Ten-fold serial dilutions were made into RPMI 1640
+10% v/v FBS media.

The luminescence of each dilution was determined by averaging

duplicate readings of 100 µL samples measured in a white 96 well plate read by a luminometer
and subtracting the average from the blank. Each sample was also serially diluted into PBS and
plated onto LB agar plates to determine the CFU/mL of each sample. A standard curve was
constructed by plotting data from 5 independent biological replicates. The resulting line of best
fit was forced through (0,0) as a blanked sample without S. typhimurium Xen33 would not have
detectable luminescence.
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Figure 3. Infection protocol and sampling timelines. IL-27 stimulated THP-1 cells were
infected with S. typhimurium that was grown to late stationary or late exponential phase. At
various time points after infection (black arrows) samples were obtained for plating onto LB
agar, flow cytometry and ELISA.
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3.6. Enzyme-linked immunosorbent assay
ELISA’s (Human TNFα ELISA Ready-SET-Go!® and Human IL-6 ELISA Ready-SET-Go!®,
eBioscience) were conducted according to the manufacturer’s instructions. In brief, clear 96well ELISA strips were coated with 100 µL/well of capture antibody in 1x coating buffer and
incubated overnight at 4oC. The plate was washed 5 times with 250 µL/well of wash buffer
(PBS + 0.05% v/v Tween) with a soaking time of 1 minute between washes using an automatic
plate washer. After washing, the residual fluid in the wells was removed by blotting and the
plates were blocked with 200 µL/well 1x assay diluent for one hour at room temperature. One
hundred µL/well of each standard and supernatant sample were added to the plate after washing
once in wash buffer.

Standard samples were prepared according to the manufacturer’s

instructions and diluted 2-fold into assay diluent in the plate. Supernatant samples were diluted
as necessary in assay diluent and added to the plate in duplicates. After overnight incubation at
4oC, the plate was washed 5 times (250 µL/well, 1 minute rest) and 100 µL detection antibody
added to each well and incubated for 1 hour at room temperature. The plate was washed (5
times, 250 µL/well, 1 minute rest) and 100 µL/well of avidin-horseradish peroxidase (HRP) was
added for 30 minutes at room temperature. Seven washes (250 µL/well, 1 minute rest) were
used to remove the avidin-HRP prior to the addition of 100 µL/well of substrate solution. The
plate was stored in the dark for approximately 10 minutes until a clear blue colour was seen.
Fifty µL/well of 2N H2SO4 was added to stop the reaction and the plate read at 450 nm in an
EL800 plate reader (BioTek) using Gen5 software. At each of the steps prior to the addition of
the substrate solution, the plate was sealed with parafilm. After each wash step the plate was
blotted to remove any residual liquid in the wells. For 8 and 12 hour samples, triplicate samples
were assayed in duplicate. During the experiment, the culture supernatant had been removed
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from 6 wells at 1 or 1.5 hours after the addition of S. typhimurium and replaced with fresh media
then 3 were used for each of the 8 and 12 hour samples. Therefore, 6 samples for 1 or 1.5 hours
were tested in duplicate.

Duplicates were averaged and the data was analyzed in Excel

(Microsoft).

3.7. Flow cytometry
To determine the proportion of THP-1 cells expressing CD14 on the cell surface, PMA treated
THP-1 cells were infected with late stationary phase S. typhimurium for 60 minutes, followed by
30 minutes of 20 µg/mL gentamicin treatment. After infection the cells were gently scraped off
the well using a sterile cell scraper, pelleted at 800 x g for 5 minutes and the resuspended in 400
µL PBS + 0.1% w/v sodium azide on ice. CD14-ECD antibody (Beckman Coulter) was added to
a final concentration of 125 ng/mL and the fluorescence of the sample measured with an Epics
XLMCL flow cytometer (Beckman Coulter) with and without the addition of the antibody.
Approximately 30000 cells were read for each sample. The results were analyzed using FlowJo
software (version 7). One sample per condition was tested.

To determine THP-1 cell viability, THP-1 cells were PMA-treated and infected as previously
described, with 30 minutes of infection for subcultured (late exponential phase) S. typhimurium
and 60 minutes for S. typhimurium grown overnight (late stationary phase). After 30 minutes of
gentamicin treatment (20 µg/mL) cell supernatants were removed and any non-adherent THP-1
cells retained by pelleting the samples (5 minutes at 800 x g). The cell samples were either
processed for flow cytometry or were provided fresh media containing 20 µg/mL gentamicin and
incubated at 37oC (with the addition of the THP-1 cell pellet) for an additional 6.5-11 hours
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before processing (Figure 3). Once the supernatants were removed, THP-1 cells were washed
once in 500 µL PBS and trypsinized for 5 minutes at room temperature in 500 µL 1 x trypsinEDTA (0.05% w/v trypsin, 0.53 mM EDTA; Life Technologies). The trypsized samples were
added to the previously collected cell pellets and further pelleted (5 minutes at 800 x g) in order
to merge all the THP-1 cells from one well and remove the trypsin from the sample. Cells were
resuspended in 400 µL PBS + 0.1% w/v sodium azide on ice. Cell viability data was acquired
using an Epics XLMCL flow cytometer (Beckman Coulter) with and without the addition of 2
µL of 100 mg/mL propidium iodide (Bioshop). Approximately 20000 cells were read for each
sample. The results were analyzed using FlowJo software (version 7). One sample per condition
was tested.

3.8. Fluorescence microscopy
Twenty four well plates (Corning) were prepped with the addition of one sterile glass coverslip
per well before 1 mL per well of 2-3x105 THP-1 cells/mL + 10 ng/mL PMA was added to the
plate. PMA treatment caused to the THP-1 cells to adhere to the glass coverslip. After the PMA
treatment, THP-1 cells were incubated for 30 or 60 minutes with NLM2389 (S. typhimurium
SL1344 pFPV25.1, a plasmid that encoded a constitutively expressed enhanced green fluorescent
protein (eGFP), see Table 3) grown to either late stationary or late exponential phase at an MOI
of approximately 10 as previously described. After infection and 30 minutes of treatment with
gentamicin (20 µg/mL) the supernatants were removed and the samples were washed 3 times in
PBS and fixed for 15 minutes at room temperature with 4% v/v formaldehyde. The samples
were washed 3 additional times in PBS before storage in 1% v/v FBS in PBS at 4oC until use.
Prior to microscopy, samples were stained with 100 µL of 2 ng/mL Hoechst stain for five
minutes at room temperature. Each condition was tested in duplicate or triplicate.
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Samples were imaged on a Zeiss Imager M2 fluorescent microscope using AxioVision software
(version 4.8.2). A brightfield image was taken, followed by fluorescent images of the same field
of view. eGFP fluorescence was visualized using the excitation and emission wavelengths of
470 and 505 nm, respectively and at an exposure of 1.5 seconds. Hoechst fluorescence was
visualized using 390 nm excitation and 460 nm emission at an exposure level of between 20 and
100 milliseconds.

3.9. Statistical analysis
The data in this study is shown as either one data set representative of the trends observed in
several independent trials when the data is not easily merged due to variation in baselines
between experiments (for example, CFU data) or as an average of several independent trials, as
indicated in the figure legends. Standard deviation was used to measure the variance in the data.
A student’s t test was used to measure the statistical significance.
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Chapter 4: Results
4.1. Developing a S. typhimurium infection protocol
The initial phase of this project involved developing and adjusting protocols for the infection of
THP-1 cells with S. typhimurium at optimal infection rates that would allow for the study of
changes in cytopathic effects of S. typhimurium and cytokine production by THP-1 cells.

4.1.1. THP-1 cell infection with luminescent S. typhimurium
A series of tests were carried out to determine if a luminescent strain of S. typhimurium could be
used to monitor the level of infection of THP-1 cells. A standard curve was produced using
serially diluted S. typhimurium Xen33 (NLM2388, see Table 2) that had been grown overnight in
LB broth and resuspended into RMPI 1640 + 10% v/v FBS media (Figure 4). The luminescence
of 5 independent biological replicates was plotted against the CFU/mL determined through serial
dilution and plating onto LB agar. There was a linear relationship between the luminescence and
the number of CFU/mL of the sample over a 3-log order concentration range. The resulting line
of best fit (y=0.007066x) was then used to predict the CFU/mL of experimental samples based
on the luminescence of the sample (Table 4). The CFU/mL of the experimental samples was
also determined by serially diluting and plating the bacteria onto LB media. Despite the linear
relationship seen between the luminescence and CFU/mL of serially diluted bacterial cultures,
the predicted CFU/mL of the samples based on the luminescence did not correlate with the
experimentally determined CFU/mL (Table 4). The standard curve predicted a 10-fold higher
CFU/mL than actual bacteria numbers in the sample.
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Figure 4. S. typhimurium Xen33 luminescence standard curve. The curve was made by
resuspending S. typhimurium Xen33 grown overnight in LB broth into RPMI 1640 + 10% v/v
FBS media. The culture was serially 10-fold diluted into the same media and the average of 2
blank-subtracted luminescence measurements per data point from 5 biological replicates was
plotted. The corresponding CFU/mL values were determined by plating each 10-fold dilution in
triplicate onto LB agar plates. The linear regression line was forced through (0,0) as a blanksubtracted sample without S. typhimurium Xen33 present should not result in a luminescent
signal and resulted in a slope of 0.007066 ± 0.0001126 for a final equation of y=0.007066x.
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Table 4. Luminescence of S. typhimurium Xen33 did not accurately quantify bacteria in
infected THP-1 cells. Late stationary phase S. typhimurium Xen33 cells were incubated with
non-adherent THP-1 cells at three MOIs for 30 minutes. The culture supernatants were removed
and the THP-1 cells washed twice by centrifugation in PBS before cell lysis. The luminescence
of the lysate was measured. The lysate was then serially diluted and plated onto LB agar to
determine the CFU/mL of S. typhimurium Xen33. To compare the luminescence standard curve
with the CFU/mL of the experimental samples, the averages of the experimentally determined
luminescence readings were entered into the equation of line of best fit from the luminescence
standard curve (Figure 4, y=0.07066x). Each MOI had two biological replicates, denoted A and
B.
Sample

Experimental
Luminescence

Predicted CFU/mL

Experimental
CFU/mL

MOI 10A
MOI 10B
MOI 1A
MOI 1B
MOI 0.1A
MOI 0.1B

42071
32163
2320
3936
417
357

6.60E+06
5.40E+06
3.60E+05
6.20E+05
6.50E+04
5.50E+04

2.50E+05
1.01E+05
7.00E+03
1.20E+04
1.30E+03
1.10E+03
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Since the number of internalized bacteria (Experimental CFU/mL, Table 4) was 10-fold lower
than the predicted values, it was predicted that the THP-1 cell lysis buffer might be lysing the
bacterial cells as well as the THP-1 cells. However, even though the lysis buffer was shown to
result in complete THP-1 cell lysis within minutes (observations not shown), the number of S.
typhimurium Xen33 cells did not significantly drop after one hour in the lysis buffer (data not
shown). Therefore the lysis buffer was not the cause of the difference between the predicted and
the actual internalized S. typhimurium cells.

The luxABCDE operon requires oxygen in order for the reaction that produces the luminescent
signal to occur. Consequently it was predicted that a lack of oxygen inside the THP-1 cells,
which would not occur when the standard curve was constructed, could contribute to the lower
than predicted CFU/mL value. However, when S. typhimurium Xen33 grown overnight was
resuspended in RPMI 1640 + 10% v/v FBS media plus gentamicin (10, 20, 50 and 100 µg/mL)
the luminescence did not drop alongside the drop in CFU/mL of the sample (data not shown).
Therefore lack of oxygen was not likely to be the cause of the discrepancy between the
experimentally obtained and the predicted CFU/mL. This data also indicates that since the
luminescence does not drop as quickly as the CFU of the sample does, using luminescence
measurements to determine internal CFU would not give the accuracy or time sensitivity that
would be needed to determine fine differences in the number of internalized S. typhimurium.

4.1.2. Gentamicin protection assay
Although using luminescent bacteria to monitor THP-1 cell infection was attractive due to ease
of handling, the accuracy of the quantification of infection using this method was unsatisfactory.
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Therefore, the well-established gentamicin protection assay (131) was used instead of
luminescence to quantify the internalized bacteria over time during infection of THP-1 cells. In
the gentamicin protection assay gentamicin (20 µg/mL)is added to the system to kill, but not
lyse, external S. typhimurium. Any bacteria that were internalized into THP-1 cells prior to the
addition of gentamicin are protected and remain alive since gentamicin does not enter the THP-1
cells. Next, the culture supernatant, along with any external S. typhimurium was removed, the
THP-1 cells lysed and these cell lysates serially diluted and plated onto LB agar plates to
quantify the number of bacterial cells that had infected the THP-1 cells.

The concentration of gentamicin used in the gentamicin protection assay (20 µg/mL) was
determined based upon a S. typhimurium death curve where approximately 5.0 x 106 cells of wild
type S. typhimurium (NLM2387) in 1 mL of RMPI 1640 + 10% v/v FBS were exposed to
different concentrations of gentamicin for 2 hours. Every 15 minutes a samples was removed,
serially diluted and plated onto LB agar plates to quantify the amount of viable S. typhimurium in
the sample over time (data not shown). It was determined that 20 µg/mL gentamicin reduced S.
typhimurium cells numbers by 4 logs after 15 minutes and a further 15 minutes reduced the cell
numbers to essentially zero. Thirty minutes of 20 µg/mL gentamicin was therefore used for the
gentamicin protection assay as this length of time was sufficient to kill the external S.
typhimurium and short enough to quantify the internalized S. typhimurium before significant
bacterial replication occurred inside THP-1 cells.

It was determined that using a gentamicin protection assay was the optimal choice for the
quantification of intracellular S. typhimurium as it was reproducible and a standard method used
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in the literature (36, 131, 146, 160-163).

In addition, it was shown that extracellular S.

typhimurium could be effectively killed by a 30 minute exposure to 20 µg/mL gentamicin.

4.1.3. Testing the effect of PMA treatment and different lengths of infection on THP-1 cell
infection
Preliminary data of non-adherent THP-1 cells infected with wild type S. typhimurium
(NLM2387) resulted in initial infection levels of THP-1 cells that were very low (typically 1-2%,
data not shown). Therefore, PMA treatment of THP-1 cells was investigated as an alternative
infection model. PMA treatment of THP-1 cells resulted in macrophage-like cells that were
characterized by increased adherence, increased cell size and increased membrane bound
organelles (seen as increased ‘granularity’ of the cells), whereas untreated THP-1 cells were nonadherent, free-floating cells (observations not shown).

The amount of PMA used for

differentiation and the timing of application had previously been optimized (164). Treatment
with 10 ng/mL PMA resulted in an approximately 18% drop in the number of viable cells over
the 96 hour incubation time (48 hours of PMA followed by 48 hours of rest; Figure 5A).
Additionally, it was shown through flow cytometry that the PMA treatment resulted in an
increase in the number of THP-1 cells expressing the CD14 co-receptor compared to untreated
THP-1 cells (Figure 5B). Over 90% of the PMA-treated cells sampled had CD14 present on the
cell membrane whereas CD14 was present on the membrane of a limited number of non-adherent
THP-1 cells.

To determine if PMA treatment led to an increase in the overall infection level of THP-1 cells
with wild type S. typhimurium, PMA-treated or untreated cells were incubated with S.
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Figure 5. PMA treatment of THP-1 cells lowered THP-1 cell numbers and increased the
level of CD14+ THP-1 cells. A) PMA treated THP-1 cell viability was determined with or
without the addition of 50 ng/mL IL-27. After the 96 hour treatment protocol, THP-1 cells were
trypsinized and counted using a hemocytometer. The resulting THP-1 cell counts were
compared to the initial cell count and percent differences were plotted. The average of two
independent experiments are represented. Error bars indicate standard deviation. B) PMA
treated THP-1 cells were gently scraped off the bottom of the well, pelleted by centrifugation and
resuspended in PBS + 0.1% w/v azide. CD14-ECD antibody was added and the sample
fluorescence of 30 000 cells was measured by using forward scatter. One experiment completed
and represented.
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typhimurium (NLM2387) grown to late stationary phase (overnight) at an MOI of 10 after which
the samples were treated with gentamicin (20 µg/mL) for 30 minutes in order to kill extracellular
bacteria. The THP-1 cells were lysed and the internalized bacteria were quantified (Figure 6).
PMA treatment of THP-1 cells resulted in an increase in the internalization of S. typhimurium
grown to late stationary phase by THP-1 cells compared to non-adherent THP-1 cells infected in
the same manner. However, the percent of THP-1 cells infected was low: infection rates of 2.6%
to as high as 20.1% were seen, though typically approximately 8.4% (data not shown) of PMAtreated THP-1 cells were infected, assuming 1 S. typhimurium cell per THP-1 cell.

In

comparison, non-adherent THP-1 cells had infection rates of between 1-2% when infected in a
similar manner.

It was hypothesized that an increase in the length of THP-1 cell incubation with wild type S.
typhimurium would increase the number of bacteria internalized inside the THP-1 cells. PMA
treated or untreated THP-1 cells were incubated for 30 or 60 minutes with S. typhimurium grown
to late stationary phase followed by gentamicin treatment (20 µg/mL) and THP-1 cell lysis
(Figure 7). THP-1 cells that were PMA-treated (open symbols) showed a clear increase in the
number of bacteria recovered from inside the THP-1 cells. Doubling the length of infection from
30 minutes to 60 minutes resulted in approximately 21.5% of PMA-treated THP-1 cells
becoming infected during the 60 minutes of infection (with a range of 8.3-32.7%, data not
shown) compared to approximately 8.4% of PMA-treated THP-1 cells becoming infected after
30 minutes. In THP-1 cells that were not PMA-treated (closed symbols), the numbers of
internalized bacteria also increased with the increase in the length of incubation (Figure 7).
However, the number of THP-1 cells infected was lower than PMA-treated THP-1 cells.
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Figure 6. PMA treatment of THP-1 cells facilitated higher numbers of internalized S.
typhimurium. THP-1 cells were either PMA treated or left untreated and incubated for 30
minutes with late stationary phase S. typhimurium at an MOI of approximately 10. After a 30
minute incubation with gentamicin (20 µg/mL), THP-1 cells were lysed and the number of
internalized bacteria were quantified. Data is representative of 3 independent trials. Line
indicates the mean of the experimental values.
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Figure 7. Increasing the length of S. typhimurium contact with THP-1 cells increased the
number of internalized bacteria. THP-1 cells were either PMA treated or left untreated and
infected with late stationary phase S. typhimurium at an MOI of approximately 10. THP-1 cells
were infected for 30 or 60 minutes, followed by 30 minutes of gentamicin treatment (20 µg/mL),
THP-1 cell lysis and enumeration of internalized bacteria. Experiment in the absence of PMA
treatment was done once. Data is representative of 3 independent trials for PMA treated THP-1
cells. Line indicates the mean of the experimental values.
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4.1.4. Effect of bacterial growth phase on ability of S. typhimurium to infect THP-1 cells
S. typhimurium grown in LB broth with shaking for 16 hours is in the late stationary phase of
population growth (152, 165).

It was hypothesized that infection of THP-1 cells with S.

typhimurium grown to late exponential phase would increase the percent of THP-1 cells infected
as S. typhimurium grown to late exponential phase has been shown to have increased
upregulation of the SPI-1 genes (152). The genes located in the SPI-1 locus encode a TTSS.
When SPI-1 is expressed, effectors are injected into the host cell leading to cytoskeletal
reorganization and phagocytosis, which promotes the uptake of the bacterium. A growth curve
of the various S. typhimurium strains used in this study (Table 2) measuring the OD600 over time
was used to establish the time relative to the initial inoculation of the culture at which the
bacterial population transitioned from exponential phase to stationary phase of growth, (termed
late exponential phase; black bar, Figure 8) as it has been shown the genes encoded in the SPI-1
locus are induced in this stage of population growth (165). Late exponential phase occurred
approximately 3.5 hours after subculturing an overnight culture 1 in 33 into a 25 mL of LBMiller broth in a 125 mL Erlenmeyer flask.

Wild type late exponential phase S. typhimurium was used to infect THP-1 cells for 30 or 60
minutes before gentamicin treatment (20 µg/mL), THP-1 cell lysis and quantification (Figure 9).
The number of late exponential phase bacteria internalized was approximately 10-fold greater
than late stationary phase S. typhimurium. Doubling the length of infection from 30 minutes to
60 minutes more than doubled the CFU/well recovered from inside the THP-1 cells (Figure 9).
Incubation of THP-1 cells for 30 minutes with S. typhimurium grown to late exponential phase
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Figure 8: Growth curves for S. typhimurium strains used to infect THP-1 cells. Duplicate
cultures of S. typhimurium strains were grown overnight in LB broth and then subcultured 1 in
33 into 25 mL of LB-Miller broth in a 125 mL Erlenmeyer flask. At various time points after
subculturing the optical density at 600 nm was measured. The OD600 of the duplicate cultures
was averaged and plotted. The black bar indicates the transition point from exponential phase to
stationary phase. Experiment was done once. WT: wild type; rdoA-: S. typhimurium SL1344
with a deletion in rdoA; pBAD18: vector control; pND18: arabinose-inducible nlpE gene.
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Figure 9. Late exponential phase S. typhimurium are highly infectious. PMA-treated THP-1
cells were infected with late exponential phase S. typhimurium for 30 or 60 minutes at an MOI of
approximately 10 followed by gentamicin treatment (20 µg/mL), THP-1 cell lysis and S.
typhimurium quantification. Graph is representative of 4 (60 minutes of incubation) or 6 (30
minutes of incubation) independent experiments. Line indicates the mean of the experimental
values.
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also resulted in approximately 96.1% infection (range of 62.7 to 126.9%, data not shown),
assuming 1 S. typhimurium cell per THP-1 cell.

4.1.5. THP-1 infection protocol summary
Two infection protocols were established that resulted in two different levels of infection. The
first protocol incubated wild type, late stationary phase S. typhimurium with PMA-treated THP-1
cells for 60 minutes at an MOI of approximately 10. This protocol is termed the ‘low infection’
protocol and resulted in an infection rate of THP-1 cells of approximately 22% (compared to
8.4% for 30 minutes of incubation). A second protocol was developed that incubated wild type,
late exponential phase S. typhimurium with PMA-treated THP-1 cells for 30 minutes at an MOI
of approximately 10. This is termed the ‘high infection’ protocol and resulted in approximately
96% infection. Thirty minutes of co-incubation of bacteria and THP-1 cells was chosen for the
high infection protocol as it provided a sufficiently high rate of infection to enable the detection
of differences in the number of S. typhimurium initially infecting THP-1 cells and changes in the
number of bacteria surviving in the THP-1 cells over time. Additionally, 30 minutes of infection
is the timing reported most frequently in the literature for Salmonella infection of human
monocytes and macrophages (36, 131, 146, 160, 161, 165, 166).

4.2. Evaluating the two infection protocols
The next phase of the project involved the evaluation of the two infection protocols to learn more
about their sensitivity to S. typhimurium genetic variation and to confirm the infection rate and
the distribution of S. typhimurium in THP-1 cells through alternative means.
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4.2.1. Determining protocol sensitivity to S. typhimurium genetic variation
The resulting two infection protocols were tested for their sensitivity to differences in the genetic
profiles of the infecting strain of S. typhimurium. Four strains of S. typhimurium were used:
NLM2243, NLM2244, NLM2351 and NLM2352 (see Table 2). All 4 strains are derived from
the wild type S. typhimurium SL1344 strain used during the research (NLM2387). Two of the
strains, NLM2351 (rdoA- pBAD18) and NLM2352 (rdoA- pND18), have a genetic deletion of
rdoA, a gene encoding a serine/threonine protein kinase that has been shown to be important for
long-term S. typhimurium survival (116, 117). NLM2242 (WT pND18) and NLM2352 (rdoApND18) contain the plasmid pND18, which encodes the L-arabinose inducible nlpE gene from
E. coli. The overexpression of nlpE has been shown to activate the Cpx stress response pathway
(114). The Cpx pathway is responsible for sensing and responding to cell stress in E. coli and S.
enterica (115). NLM2244 (WT pBAD18) and NLM2351 (rdoA- pBAD18) contain the pBAD18
vector control.

To determine if there was a difference in the infection level between the 4 S. typhimurium strains
the number of internalized Salmonella was determined for each strain, for both growth phases
(Figure 10A and B). The 4 S. typhimurium strains were either grown to late stationary phase
where, after 12.5 hours, 0.2% w/v L-arabinose was added to induce nlpE encoded on pND18 or
grown overnight, followed by subculturing into LB-Miller + 0.2% L-arabinose for 3.5 hours (late
exponential phase). THP-1 cells were incubated for 60 minutes with the 4 S. typhimurium strains
grown to late stationary phase followed by 30 minutes of gentamicin treatment (20 µg/mL) and
THP-1 cell lysis. The results are depicted in Figure 10A. Due to a difficulty in achieving similar
MOI values for all 4 strains, the CFU were normalized using the actual MOI in order to compare
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Figure 10. The THP-1 cell infection protocols reflect genetic variation in infecting S.
typhimurium. The internal CFU/well was determined by infecting PMA-treated THP-1 cells
with 4 different strains of S. typhimurium followed by gentamicin treatment (20 µg/mL) and
THP-1 cell lysis. A) Late stationary phase S. typhimurium grown in 0.2% L-arabinose was
incubated with THP-1 cells for 60 minutes. The MOIs were not similar between the strains
therefore the CFU/well was normalized using the MOI. Experimental data for 1 of 2
independent trials is shown. B) Late exponential phase S. typhimurium grown in 0.2% Larabinose was incubated with THP-1 cells for 30 minutes at an MOI of approximately 10.
Figure is representative of 3 independent experiments. Each data point is an average of 3
replicate wells. Standard deviation is indicated by the error bars. WT: wild type (circles); rdoA-:
S. typhimurium SL1344 with a deletion in rdoA (squares); pBAD18: vector control (closed
symbols); pND18: arabinose-inducible nlpE gene (open symbols).
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the levels of internalized bacteria between the strains. The two strains that over-expressed nlpE
had a higher and similar number of internalized bacteria when the CFU was normalized based on
the MOI (Figure 10A, open symbols) compared to strains that contained the control vector
(closed symbols). The wild type strain with the pBAD18 vector and the rdoA null strain with the
pBAD18 vector had fewer internalized S. typhimurium cells, when normalized based on the MOI
(closed symbols). These 2 strains also had similar numbers of S. typhimurium recovered at both
time points, when normalized based on the MOI. Overall the overexpression of nlpE seemed to
result in an increase in the infection level of THP-1 cells whereas the deletion of rdoA did not
seem to impact the infection level of THP-1 cells, however, experiments require further
optimization in order to establish more similar MOIs. All 4 strains had a reduction in the amount
of bacteria recovered from the THP-1 cells at 10 hours compared to the amount recovered after
1.5 hours post infection.

Comparable MOI values were achieved when THP-1 cells were incubated for 30 minutes with
late exponential phase S. typhimurium grown for 3.5 hours with 0.2% w/v L-arabinose to induce
nlpE expression from pND18 (Figure 10B), therefore the CFU/well are compared directly for
this data. Unlike the low infection protocol, the 2 strains that contained the pBAD18 control
vector (closed symbols) had approximately 10 fold more S. typhimurium recovered at both time
points compared to the strains that expressed nlpE (open symbols). This suggests that the overexpression of nlpE and the induction of the Cpx pathway negatively impacted the infection of
THP-1 cells with late exponential phase S. typhimurium.

Additionally, there was a clear

difference between the 4 strains in the initial number of internalized S. typhimurium, suggesting
the rdoA deletion impacted THP-1 cell infection. The deletion had a positive effect on THP-1
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cell infection for the pBAD18 containing strains (closed symbols) and a negative effect for the
pND18 containing strains (open symbols). The rdoA null strain that over expressed nlpE (rdoApND18) had the lowest recovered CFU/well of the 4 strains across all time points. Finally, the
amount of bacteria recovered over time decreased compared to the amount recovered at 1 hour
after the addition of S. typhimurium for all 4 strains.

Even though the two protocols do not agree in the effect that the rdoA deletion and the
overexpression of nlpE had on S. typhimurium infection of THP-1 cells, there is a clear
difference in the overall level of S. typhimurium internalization between the strains in both the
high infection and the low infection protocols. This indicates that both protocols are sensitive to
genetic variations in the infecting S. typhimurium strain.

4.2.2. Impact of L-arabinose on S. typhimurium infection of THP-1 cells
Recently it was reported that the presence of L-arabinose in S. typhimurium growth medium
repressed the expression of the genes located at the SPI-1 locus, which resulted in a reduction in
the invasion of HeLa cells by S. typhimurium (167). In this thesis L-arabinose was used to
induce expression of nlpE, which resulted in reduced levels of infection for the high infection
model by these strains compared to the wild type strain grown without L-arabinose. It was
hypothesized that the induction of SPI-1 was responsible for the increased infection of THP-1
cells by late exponential phase S. typhimurium (high infection protocol), therefore it was
important to investigate the impact of L-arabinose on the infection rate of THP-1 cells.
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Wild type S. typhimurium (NLM2387) was grown to late exponential phase in the presence of
either 0.2% w/v L-arabinose or 0.2% w/v D-glucose or without added sugar prior to incubation
with THP-1 cells.

After 30 minutes of incubation followed by 30 minutes of gentamicin

treatment (20 µg/mL), the THP-1 cells were lysed and plated onto LB agar to quantify the
internalized S. typhimurium. Figure 11 shows that there was a slight decrease in the CFU/well
recovered from THP-1 cells infected with S. typhimurium grown in 0.2% L-arabinose, however
this slight decrease was not statistically significant compared to the no added sugar or the Dglucose controls.

4.2.3. Confirming the infection rate of THP-1 cells
To confirm the infection rate of THP-1 cells, fluorescence microscopy was attempted. A S.
typhimurium strain carrying a plasmid that constitutively expressed eGFP (NLM2389) was used
to infect THP-1 cells. Initial attempts at fluorescent microscopy did not detect significant levels
of PMA-treated THP-1 cells infected with S. typhimurium grown to either late stationary or late
exponential phase (data not shown). During these experiments it was discovered that while the
MOI was as expected, NLM2389 readily lost the plasmid unless grown with strong selective
pressure. This strain was therefore grown in 750 µg/mL ampicillin for 12 hours after which 750
µg/mL was added (compared to the standard 100 µg/mL ampicillin for 16 hours). Five hundred
µg/mL of ampicilln was used when NLM2389 was grown in subculture. This level of ampicillin
did not affect the growth of the cells as determined by comparative OD600 measurements taken of
high and low ampicillin treated S. typhimurium 1, 5 and 10 hours after the addition of ampicillin
(data not shown).
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Figure 11. L-arabinose influence on the level of THP-1 cell infection by S. typhimurium.
PMA-treated THP-1 cells were incubated with late exponential phase S. typhimurium grown with
0.2% w/v L-arabinose or 0.2% D-glucose or without an added sugar (control) for 30 minutes at
an MOI of approximately 10 followed by gentamicin treatment (20 µg/mL), THP-1 cell lysis and
quantification of internalized bacteria. Graph is representative of 2 independent experiments.
Line indicates the mean of the experimental values.
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Next the infection level of the S. typhimurium strain that constitutively expressed eGFP was
compared to the wild type strain of S. typhimurium for both protocols (Figure 12). When late
stationary phase bacteria were incubated with PMA-treated THP-1 cells for 30 minutes followed
by gentamicin treatment (20 µg/mL) and quantification of the internalized S. typhimurium
(Figure 12A), the bacteria that constitutively expressed eGFP had almost a 2-log reduction in the
number of bacteria recovered compared to the wild type strain. Similarly, a 2-log reduction in
the level of THP-1 cell infection was seen with late exponential phase S. typhimurium containing
constitutively expressed eGPF compared to the wild type strain (Figure 12B). Therefore it was
determined that confirming the infection rate of wild type S. typhimurium using fluorescent
microscopy with the eGFP-expressing strain of S. typhimurium could not be carried out.

4.3. The effect of IL-27 pre-treatment on S. typhimurium infection of THP-1 cells
After the THP-1 infection protocol was developed and evaluated the effect that IL-27 pretreatment had on the ability of S. typhimurium to infect and survive within THP-1 cells was
investigated. In particular, the effects IL-27 had on bacterially-induced THP-1 cell death, the
level of infection at various time points and the pro-inflammatory cytokines that the THP-1 cells
produced was determined.

A gentamicin protection assay was used to determine if IL-27 pre-treatment of PMA-treated
THP-1 cell resulted in an altered level of initial S. typhimurium invasion (Figure 13). IL-27 was
added 16 hours prior to infection of PMA-treated THP-1 cells. After 30 or 60 minutes of
incubation with wild type bacteria and 30 minutes of gentamicin treatment (20 µg/mL) the
culture supernatants in all samples were removed and retained for ELISA. The remaining THP-1
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A.

B.

Figure 12. S. typhimurium constitutively expressing eGFP did not infect THP-1 cells as
effectively as wild type S. typhimurium. PMA-treated THP-1 cells were incubated with wild
type S. typhimurium or a strain that constitutively expressed eGFP at an MOI of approximately
10. After gentamicin treatment (20 µg/mL) and THP-1 cell lysis the number of internalized S.
typhimurium was quantified. A) Late stationary phase S. typhimurium was incubated with THP1 cells for 60 minutes. B) Late exponential phase S. typhimurium was incubated with THP-1
cells for 30 minutes. eGFP strain was grown with 750 µg/mL ampicillin for 12 hours after
which a further 750 µg/mL ampicillin was added. When S. typhimurium was grown to late
exponential phase 500 µg/mL ampicillin was added to the culture media. Graph is representative
of two independent experiments. Line indicates the mean of the experimental values.
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Figure 13. IL-27 pre-treatment did not alter the initial infection of THP-1 cells or the
survival of intracellular S. typhimurium over time. PMA-treated, +/- IL-27 treated (50
µg/mL) THP-1 cells were incubated with S. typhimurium for 30 or 60 minutes at an MOI of
approximately 10, gentamicin treated (20 µg/mL), lysed and internalized S. typhimurium
numbers determined. A representative graph of five independent trials is shown. Each data point
is an average of 3 wells. Error bars indicate standard deviation. LS: late stationary phase S.
typhimurium (closed symbols); LE: Late exponential phase S. typhimurium (open symbols).
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cells from the associated wells were either provided fresh media with gentamicin (20 µg/mL) or
lysed to quantify the initial internal CFUs (the initial infection rate of THP-1 cells) or stained
with propidium iodide (PI) to determine the level of THP-1 cell death. Eight and 12 hours after
the addition of S. typhimurium further samples were processed for ELISA, flow cytometry or for
enumerating internalized bacteria. The amount of S. typhimurium initially recovered from THP1 cells was the same between IL-27 treated or untreated samples indicating that the initial
invasion levels of late stationary or late exponential phase S. typhimurium were not affected by
IL-27 pre-treatment of THP-1 cells (Figure 13). Eight and 12 hours post infection the numbers
of internal S. typhimurium recovered from the THP-1 cells were relatively the same as the initial
numbers of internalized bacteria for both infection models for both IL-27 treated or untreated
cells (Figure 13). Therefore, IL-27 pre-treatment of THP-1 cells did not affect the number of
viable S. typhimurium within the THP-1 cells over the course of 12 hours.

Salmonella induces apoptosis of THP-1 cells upon infection (131), therefore the rate of THP-1
cell death was monitored at various time points after infection. PI-stained THP-1 cells were
analyzed using flow cytometry. PI is a membrane exclusion dye, therefore as any a loss of
membrane integrity through cell death results in the uptake of the dye, THP-1 cells that are
positively stained are dead. Mock infected and IL-27 pre-treated only THP-1 cells did not have a
significant difference in THP-1 cell death over the experimental time frame (Figure 14). In both
infection models the presence of S. typhimurium resulted in increased cell THP-1 cell death from
approximately 25% cell death to approximately 60% after 12 hours, as expected. IL-27 pretreatment of THP-1 cells did not result in any change in THP-1 cell viability indicating that the
cytokine did not protect the cells from Salmonella-mediated cell death nor did it result in
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Figure 14. IL-27 pre-treatment of THP-1 cells did not alter bacterially-induced THP-1 cell
death. PMA-treated THP-1 cells were infected at an MOI of approximately 10 with wild type S.
typhimurium, treated with gentamicin (20 µg/mL) and resuspended in PBS + 0.1% w/v azide.
The THP-1 cells were stained with propidium iodide and the fluorescence of 20 000 individual
cells detected using forward scatter by a flow cytometer. Cells that were positively stained were
dead. A) THP-1 cells infected with late stationary phase S. typhimurium for 60 minutes. B)
THP-1 cells infected with late exponential phase S. typhimurium for 30 minutes. Each data point
is an average of 2 independent experimental values. Error bars indicate standard deviation.
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increased THP-1 cell death as a means to prevent the growth of internalized S. typhimurium
(Figure 14). The level of THP-1 cell death in the late exponential phase infection protocol
(Figure 14B) seemed to plateau between 8 and 12 hours post infection whereas the level of cell
death seen in the late stationary phase infection protocol (Figure 14A) does not plateau and
seems to be continuing to increase.

Since the 2 different infection protocols resulted in different infection levels of the THP-1 cells,
the data was used to generate a ratio of internalized S. typhimurium to THP-1 cells over time.
Unfortunately, as the S. typhimurium strain that expressed eGFP was unable to infect THP-1
cells at a similar level as the wild type strain, fluorescent microscopy was unable to provide
information about the distribution of bacterial cells inside the THP-1 cells so Figure 15 was
constructed with the assumption that the bacteria were distributed evenly among the THP-1 cells.
In the low infection protocol (Figure 15A), the number of bacteria per THP-1 cell was
approximately 0.33 meaning 1 in 3 THP-1 cells was infected.

Over time the ratio of S.

typhimurium to THP-1 cells increased to 0.73 (S. typhimurium) and 0.59 (IL-27 + S.
typhimurium) at 12 hours after the addition of S. typhimurium, however the difference between
the 2 conditions is not statistically significant. Though the ratio of S. typhimurium to THP-1
cells seems to be increasing over time, from 1.5 hours to 12 hours, this increase is not statically
significant.

In the high infection protocol (Figure 15B) after 1 hour the number of S.

typhimurium cells to THP-1 cells is 1.3 (Figure 15B). Over time as the THP-1 cells start dying
with the number of S. typhimurium cells recovered remaining the same, the ratio of bacteria to
THP-1 cells increases to 2.4 at 8 hours and 2.2 at 12 hours. This implies that the bacteria have
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Figure 15. Approximation of the number of S. typhimurium cells per viable THP-1 cell.
The number of viable PMA-treated THP-1 cells at each time point was approximated by
multiplying the percent of THP-1 cell death obtained from the PI staining data by the number of
THP-1 cell per well then subtracting the resulting number from the original number of THP-1
cells per well (Formula: Viable THP-1 cells = original number of THP-1 cells – [original number
of THP-1 cells x (% dead THP-1 cells/100)]). To calculate the number of bacteria per THP-1
cell the number of internalized S. typhimurium cells was divided by the number of viable THP-1
cells and plotted. Each graph uses data from 2 independent flow cytometry experiments. A)
THP-1 cells incubated with late stationary phase S. typhimurium for 60 minutes. B) THP-1 cells
infected with late exponential phase S. typhimurium for 30 minutes. Error bars indicate standard
deviation.
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started to replicate within the THP-1 cells. At all time points tested IL-27 did not impact the
ratio of S. typhimurium to THP-1 cells.

4.4. The effect of IL-27 pre-treatment on the THP-1 cell response to infection
Human primary monocytes stimulated with IL-27 have been shown to produce pro-inflammatory
cytokines and the amount of pro-inflammatory cytokine produced is higher when stimulated with
LPS (93, 95). In order to determine if a similar effect was seen with live bacteria, the THP-1 cell
pro-inflammatory cytokine response to IL-27 pre-treatment and subsequent S. typhimurium
infection was determined using ELISA. The levels of the pro-inflammatory cytokines TNFα and
IL-6 were determined at 1 or 1.5 hours, and at 8 and 12 hours after the addition of wild type S.
typhimurium (Figure 16). The culture supernatants and therefore all secreted cytokines produced
by the THP-1 cells up until that point were removed at 1 or 1.5 hours after the addition of wild
type S. typhimurium and replaced with fresh media.

This means that cytokine levels at

subsequent time points represent cumulative amounts produced and secreted into the culture
supernatant by the THP-1 cells from 1 or 1.5 hours forward only.

Overall, PMA-treated THP-1 cells pre-treated with IL-27 and then infected with S. typhimurium
produced significantly higher amounts of pro-inflammatory cytokines than THP-1 cells that were
only infected with S. typhimurium (all time points were p<0.01 with most being p<0.00001, see
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Figure 16. IL-27 pre-treatment increased pro-inflammatory cytokine production by S. typhimurium infected THP-1 cells. Proinflammatory cytokine levels at various time points after infection are depicted. A (TNFα) and B (IL-6) PMA treated THP-1 cells
infected with late stationary phase S. typhimurium. C (TNFα) and D (IL-6) PMA-treated THP-1 cells infected with late exponential
phase S. typhimurium. Culture media containing secreted cytokines removed at 1 or 1.5 hours after the addition of S. typhimurium and
replaced with fresh media. Each graph is representative of 2 (D) or 3 (A-C) independent experiments. IL-27: 50 ng/mL. Error bars
indicate standard deviation. ** indicates p <0.01, *** indicates p <0.001, **** indicates p <0.0001.
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Figure 16). The amount of TNFα produced from THP-1 cells infected with late stationary phase
S. typhimurium (Figure 16A) increased over time with each time point having significantly more
TNFα present in the supernatant then the previous time point for both IL-27 treated or untreated
THP-1 cells. THP-1 cells only infected with S. typhimurium produced and secreted over 5 times
as much cytokine at 12 hours than 1.5 hours, while THP-1 cells that were pre-treated with IL-27
and then infected had a slightly reduced overall increase at approximately 4.5 times as much
cytokine being present in the supernatant at 12 hours than at 1.5 hours. However, the total
amount of cytokine present in IL-27 treated cells was significantly higher at 1.5, 8 and 12 hours
after the addition of S. typhimurium (p<0.0001).

The amount of TNFα produced from THP-1 cells infected with late exponential phase S.
typhimurium (Figure 16C) also increased over time. THP-1 cells pre-treated with IL-27 and then
infected with S. typhimurium produced significantly higher amounts of TNFα than untreated but
infected THP-1 cells at all time points sampled (p<0.01 or lower). However, the amount of
cytokine produced by THP-1 cells infected with late exponential phase bacteria was
approximately half the amount produced by THP-1 cells infected with late stationary phase
bacteria at similar time points (i.e. 1.5 hour versus 1 hour, 8 hours versus 8 hours, etc).
Additionally, the amount of cytokine produced over time seemed to continue to increase at 12
hours and beyond for THP-1 cells infected with late stationary phase, whereas the amount of
cytokine being produced seemed to be levelling off by 12 hours for the late exponential phase
protocol. Further work needs to be done on later time points to confirm this trend.
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Similar to TNFα, the amount of IL-6 produced by IL-27 pre-treated or untreated THP-1 cells
significantly increased over time for all time points in the late stationary phase protocol (Figure
16B) and the late exponential phase protocol (Figure 16D). THP-1 cells that were pre-treated
with IL-27 produced and secreted significantly more IL-6 than untreated cells at all time points
tested (p<0.0001). The total amount of IL-6 secreted by THP-1 cells infected with late stationary
phase S. typhimurium was between 2 to 4 times greater (depending on the time point) than the
total amount of IL-6 produced by THP-1 cells infected with late exponential phase bacteria at
similar time points. The amount of IL-6 being produced by the THP-1 cells seemed to continue
to increase at 12 hours, however sampling at later time points would be required to confirm this
trend.
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Chapter 5: Discussion and future directions
The goal of this research was to develop a THP-1 cell infection model in order to explore the
impact that IL-27 had in the innate immune response. In particular, the research intended to
determine the effect of IL-27 pre-treatment on the outcome of S. typhimurium infection. After S.
typhimurium infection of THP-1 monocytic cells a bacteria-immune cell battle for survival
ensues where the facultative intracellular pathogen S. typhimurium attempts to evade the antimicrobial mechanisms the immune cell employs as a part of its role in the innate immune system
(142, 168). The aim of this research was to look at the role of IL-27 in influencing the outcomes
of this battle, in particular its effects on the infection and survival of S. typhimurium, THP-1 cell
death and the cytokines produced by THP-1 cells during the course of infection.

5.1. THP-1 infection model
The first step of the study was to develop a THP-1 infection model. The human monocytic cell
line THP-1 is a model cell line used in immunological research (1). Although THP-1 cells were
found to have the markers of monocytes, including the presence of α-naphthyl butyrate esterase
(present on the plasma membrane of monocytes but not granulocytes (169)), phagocytic activity
and the production of lysozyme, they are derived from the blood of a patient with acute
monocytic leukemia (1) and thus are not true monocytes. Therefore, the cells are referred to as
‘monocytic’ cells instead of monocytes. THP-1 cells are used as a model cell line as they are
easier to obtain and cultivate than primary human monocytes.

Little consensus exists in the literature on the best way to infect THP-1 cells with S.
typhimurium. The majority of published studies PMA treated the THP-1 cells prior to infection,
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thus infecting THP-1 cells in their macrophage-like state (131, 146, 160, 166, 170). However,
monocytes are the first line of defence against invading pathogens whereas macrophages, while
still a part of innate immunity, develop from monocytes. A handful of studies reported findings
of S. typhimurium infection of THP-1 cells that were not PMA-treated (160, 171, 172). Of these
studies, two lacked sufficient detail to be able to accurately replicate the experiments (171, 172).
The third paper used both PMA treated and untreated cells which were infected at an MOI of 10
for 30 minutes followed by gentamicin treatment and enumeration of internalized bacteria (160).

5.2. Luminescent S. typhimurium
Though gentamicin protection assays are a standard method to quantify the number of
internalized bacteria, a strain of luminescent S. typhimurium was investigated as an alternate way
to measure the internalization of S. typhimurium into THP-1 cells. Using luminescence would
provide results quicker and more cost-effectively than the gentamicin protection assay.
Unfortunately, efforts to standardize this approach through the generation of a standard curve
measuring the bacterial numbers as a function of their luminescence could not accurately predict
the number of internalized S. typhimurium Xen33 cells in lysed, infected THP-1 cell samples.
No literature could be found on S. typhimurium Xen33, however it was determined that the
luxABCDE operon used to produce luminescence in this strain was derived from the bacterium
Photorhabdus luminescens (formerly known as Xenorhabdus luminescens, of the family
Enterobacteriaceae) (173). The luxABCDE operon encodes the luciferase heterodimer (luxA and
luxB) which produces luminescence using reduced riboflavin phosphate (FMNH2) and a longchain fatty aldehyde (RCHO), which are oxidized as follows:
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FMNH2 + RCHO + O2  FMN + H2O + RCOOH + light (490 nm) (174).

The amount of aldehyde present in the organism is often a rate-limiting step of the reaction (175,
176). Therefore, an enzyme reductase complex composed of luxCDE is encoded within the lux
operon that is responsible for the conversion of the carboxylic acid back to an aldehyde (174),
thus reducing the need for exogenous aldehyde substrates.

Since the luminescence of S. typhimurium Xen33 did not drop as rapidly as the CFU/mL of the
sample when treated with gentamicin (20 µg/mL), it is believed that the proteins responsible for
the production of luminescence are still functioning after S. typhimurium Xen33 death.
However, little evidence of this phenomenon exists in the literature. A number of studies
indicate that luminescent strains are a quantitative tool for assessing in vivo infection (177-179)
but few studies looked directly at the impact antibiotics have on both the luminescence and CFU
in vitro. One study was found in which the luminescence and CFUs of E. coli containing
luxABCDE from P. luminescens after the addition of ethanol, polymyxin B and human serum
(complement system) was traced over time (176). The authors saw a rapid decrease in both
luminescence and CFU after the addition of enthanol and polymyxin B. The addition of human
serum resulted in a delayed drop in the luminescence compared to the drop seen in CFUs. This
delay was predicted to be a result of the ‘activation time’ of the complement system (176). All
three of the antimicrobial agents tested by this paper ultimately led to a loss of bacterial
membrane integrity. Gentamicin inhibits protein synthesis by binding to the 30S ribosomal
subunit, thus killing the cells without the loss of membrane integrity (180). Therefore it is
believed that while the inhibition of protein synthesis kills S. typhimurium, the intact cell allows
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the luminescence-producing reaction to continue. The reaction does not continue indefinitely as
a drop in luminescence is seen approximately 30 minutes after the addition of gentamicin. It is
believed that in vivo studies using luminescence are quantitative as they look at the presence of
bacteria over longer periods (days versus hours) and are therefore less time-sensitive. Due to the
persistence of the luminescence signal within the timeframe of the current study, luminescence
could not be used to quantify the intracellular S. typhimurium cells as it would not be sensitive
enough to the changes in bacterial cell numbers during the course of THP-1 cell infection.
Therefore, the study used the standard gentamicin protection assay method to determine the
number of S. typhimurium cells internalized.

5.3. PMA treatment of THP-1 cells
PMA-treatment was introduced to the THP-1 infection model as it increased the infection rate of
the THP-1 cells. Without PMA-treatment, the infection rate was too low to be able to detect any
changes IL-27 pre-treatment of the THP-1 cells might have on the outcome of S. typhimurium
infection. THP-1 cells are also a useful model for macrophages. Ex vivo macrophages do not
replicate (159). THP-1 monocytic cells have a reported doubling time of 16-24 hours (181, 182)
and can be differentiated into macrophages. The process of monocyte differentiation can be
induced chemically in monocytes in vitro (156-159, 170, 183, 184).

The hallmarks of

macrophage differentiation include increased adherence and phagocytosis over monocytes,
increased membrane bound organelles and decreased nucleus to cytoplasm ratio (156-159, 170,
183-185).

PMA, retinoic acid and 1,25-dihydroxyvitamin D3 (VD3) are the more common

chemicals used to differentiate THP-1 monocytic cells into macrophage-like cells, however, the
characteristics of the treated THP-1 cells differ depending on the method of differentiation.
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THP-1 cell differentiation with PMA, but not VD3, resulted in arrested cell proliferation and
increased adherence (183). THP-1 monocytic cells express little CD14 on their membranes,
however upon PMA or VD3 treatment the amount of CD14 increases (159, 164, 170, 183).
Little consensus exists in the literature on the best method to differentiate THP-1 cells via PMA
treatment (159, 164, 166, 170, 183). A recent thesis by H. Berg-Rolness (164) completed an in
depth study on the effect that different PMA treatment protocols had on the expression of CD14
on the plasma membrane of THP-1 cells and came to the conclusion that 48 hours of 10 ng/mL
PMA treatment followed by 48 hours of rest resulted in the greatest increase in the number of
THP-1 cells expressing CD14 expressed on the cell membrane.

Using the PMA treatment protocol developed by Berg-Rolness (164), the proportion of THP-1
cells expressing CD14 was determined. Similar to the previous findings, PMA treatment led to
an increase in the number of CD14 positive cells. This research reports over 90% of THP-1 cells
expressed CD14 (Figure 5; CD14 expression of 91.9%), however Berg-Rolness saw only 39% of
THP-1 cells expressing CD14 with the same protocol. It’s not known why such a dramatic
difference exists. CD14 is a co-receptor for TLR4, which detects LPS. Increasing the amount of
CD14 will increase the THP-1 cells’ ability to detect Gram negative pathogens, including S.
typhimurium, resulting in their uptake. Additionally, PMA treatment leads to adherence of the
THP-1 cells. It is hypothesized that the increased adherence allows the cell better ‘traction’ to
engulf the bacterium. Together these 2 factors would result in an increased infection rate. The
research looked at the impact of PMA-treatment on the expression of CD14 but not TLR4.
Completing flow cytometry on PMA-treated versus untreated THP-1 cells to look at the
expression of TLR4 on the THP-1 cell membrane would increase the understanding on what
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PMA treatment does to the THP-1 cells and help with the interpretation of the current data.
Additionally, as it was previously shown that IL-27 treatment of CD14+ THP-1 cells resulted in
increased TLR4 expression (95), it is expected that IL-27 pre-treatment of PMA-treated THP-1
cells would result in increased TLR4 expression. Flow cytometry using anti-TLR4 antibodies on
PMA-treated THP-1 cells that have been stimulated with IL-27 would be required to confirm this
hypothesis.

PMA treatment resulted in an 18% drop in the total number of viable cells present in the culture
at the end of the PMA recovery period compared to the seed cultures. This decrease in viable
cells was not affected by IL-27 treatment (Figure 5). PMA treatment stops cell division and
leads to the activation of PKC (183), which has many substrates leading to many different roles
in the cell including receptor desensitization, membrane structure, the regulation of transcription,
cell differentiation and regulation of cell growth and the immune response (186, 187). Apoptosis
of THP-1 cells was seen when THP-1 cells were treated with PMA for 72 hours, rested for 72
hours, and then treated with retinoic acid (RA, can be used to differentiate THP-1 cells) (184),
however in that study data on THP-1 cell viability before the RA treatment was not provided.
Berg-Rolness (164) noted that THP-1 cells differentiated with 10 ng/mL PMA had increased cell
death versus cells differentiated with 100 ng/mL PMA and predicted it was a result of the
increased production of TNFα and INF-β produced by these cells. The exact cause of the
increase in cell death has yet to be determined.

In order to further validate the model, determining why the number of viable THP-1 cells
decreased during the PMA treatment would be a benefit. Counting the number of viable THP-1
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cells every 12-24 hours during the course of the PMA treatment would provide a better
understanding on whether the decrease is constant, which would imply the high cell density and
or the health of the cells would be causing a constant cell death, or if a certain time in the
treatment protocol had a higher drop in the number of viable cell numbers. The last scenario
would imply the PMA treatment and the resulting changes to the THP-1 cells are the reason for
the reduction in the number of viable THP-1 cells.

It is worth noting that research presented here did not take into account the drop in THP-1 cell
numbers when calculating the MOI. It was assumed that the THP-1 cell numbers dropped
similarly within replicate samples and between experiments. The research would have benefited
from adjusting the THP-1 cell numbers at the beginning of each experiment to account for the
drop in THP-1 cell number during PMA-treatment and/or further counting of the viable cells
before the start of the experiment to get a better understanding of the number of viable THP-1
cells present as this would have resulted in more consistent and exact MOI values between
experiments. However, the length of the PMA treatment protocol was typical and the amount of
PMA used was on the low end of what has been reported in the literature. While an adjustment
to compensate for decreases in cell numbers would have been a benefit, it was deemed
unnecessary.

5.4. Differences between the infection protocols
The two infection models described differed in the length of time that S. typhimurium was
incubated with the THP-1 cells and in the growth phase of the bacteria. Doubling the infection
time from 30 minutes to 60 minutes for late stationary phase bacteria approximately doubled the
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infection rate to 21.5%. Sixty minutes of infection with late exponential phase bacteria versus 30
minutes also increased the number of internalized S. typhimurium, however, 30 minutes provided
a sufficiently high rate of infection (96.1%) to detect any differences the effect of IL-27 pretreatment had on S. typhimurium infection or persistence and is the timing reported most
frequently in the literature.

As there was a difference in the infectivity between S. typhimurium grown to late stationary
versus late exponential phase, growth phase dependent differences in the biological makeup of
the bacterial cells must play a role in the bacterial virulence and subsequent host cell invasion.
In the late stationary phase protocol the primary method of uptake of S. typhimurium cells is
predicted to be phagocytosis. TLR4 activation has been linked to successful phagocytosis of
pathogens, therefore, as TLR4 engagement is dependent upon the level of CD14 co-receptor
expressed, the low level of infection of non-PMA treated THP-1 cells by S. typhimurium is
predicted to be partially due to the lack of CD14 seen on the membrane of the non-PMA treated
THP-1 cells. Since PMA-treated THP-1 cells have a high percentage of cells expressing CD14
on the cell membrane (Figure 5), these cells are expected to have increased phagocytic activity
due to TLR4 activation which resulted in increased infection of THP-1 cells (Figure 6).
However, the late stationary phase bacteria have a lower infection rate then the late exponential
phase bacteria.

This implies late stationary phase S. typhimurium are less virulent then

exponential phase bacteria. It is predicted that the increased infection rate of late exponential
phase S. typhimurium is due to the expression of the virulence factors associated with the SPI-1
locus.
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siRNA can be used to silence TLR4 in THP-1 cells to determine the role of TLR4 in the
infection of THP-1 cells. Infecting these cells with both late stationary or late exponential phase
bacteria would provide answers to 2 different questions. Firstly, how much of an effect does
TLR4 have on the infection level of THP-1 cells? Would silencing the TLR4 gene result in a
drop in the infection rate? Is the infection rate of one protocol more affected than the other?
Secondly, looking at the cytokines produced by infected THP-1 cells without TLR4 would
provide information on whether the presence and predicted increased exposure to TLR4 results
in the increased production of TNFα and IL-6 or if there is another cause for the difference in the
amount of cytokine being produced.

5.5. The role of SPI-1 in THP-1 cell infection by S. typhimurium
The literature reports that the SPI-1 genes are highly induced in late exponential phase, but not
late stationary phase (152). Therefore, it is predicted that SPI-1 was induced and led to SPI-1facilitated uptake of S. typhimurium at a higher rate in THP-1 cells than phagocytosis alone,
resulting in the increased percent infection observed in the late exponential phase model. Further
work is needed to confirm SPI-1 is the primary cause of the differences between the infection
levels of the two protocols. In order to confirm the induction of SPI-1, Western immunoblotting
of proteins known to be a part of the SPI-1 locus could be conducted. The best targets would be
components of the translocon needle, such as SsaC or SsaV or the ATPase SsaN (188-190). An
increase in the presence of SPI-1 effector proteins in late exponential phase S. typhimurium, but
not late stationary phase bacteria, would imply SPI-1 has a role in the infection of THP-1 cells.
This could be confirmed through mutation studies which would look at the infection level of
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THP-1 cells by a S. typhimurium strain that has a deletion in one of the critical components of
the SPI-1 translocon needle (SsaC, SsaV or SsaN).

Activation of the Cpx pathway was achieved through L-arabinose induction of nlpE
overexpression (114). A recent paper showed growth of S. typhimurium in the presence of Larabinose resulted in the repression of SPI-1 and this repression led to a decrease in the infection
level of epithelial cells (167). As the induction of SPI-1 is predicted to be the cause of the
increased infection rate of THP-1 cells by S. typhimurium grown to late exponential phase, it is
expected that the presence of L-arabinose in the growth medium would result in decreased
infection of THP-1 cells compared to that in the absence of L-arabinose. Although the findings
of this research indicated that the presence of L-arabinose in the growth medium did not
significantly impact the infection rate of wild type S. typhimurium grown to late exponential
phase, there was a slight decrease in the infection rate when wild type S. typhimurium was grown
in the presence of L-arabinose. This suggests that SPI-1 virulence factors may not be the only
relevant mechanism of host cell entry. PMA-treated THP-1 cells are macrophage-like cells that
will phagocytose pathogens, whereas SPI-1 is responsible for epithelial cell invasion by S.
typhimurium. Therefore, SPI-1 repression by L-arabinose could still result in a high level of
infection of THP-1 cells because there is some other cause for the high infection rate. There is
some evidence in the literature this may be the case as a S. typhimurium ΔinvA mutant (a gene
located in the SPI-1 locus that has a role in invasion) was reported by the authors to have similar
levels of THP-1 cell infection as wild type (160). There are two other invasion mechanisms
encoded by S. typhimurium: rck and pagN (191). S. typhimurium with a deletion in rck, an
independently acting invasion factor, was reported to have similar levels of THP-1 cell infection
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as wild type bacteria (160) therefore the role of PagN in infection should be determined if SPI-1
is not responsible for the increased infection rate of THP-1 cells.

Additionally, an araA mutant of ATCC 14028 was used in the literature (167) versus SL1344 in
this research therefore the finding that L-arabinose represses SPI-1 may not be true for the strain
used in this research. The first step in the catabolism of L-arabinose is mediated by AraA and
this strain was used to ensure it was L-arabinose and not one of the downstream metabolites that
was responsible for the repression of SPI-1 (167).

There is evidence that different S.

typhimurium strains differentially express genes found in the SPI-1 locus and these strains
display different virulence properties (192-194).

Additionally, the ability to metabolize L-

arabinose could reduce the level of repression by L-arabinose on SPI-1. Comparing the infection
of THP-1 cells with S. typhimurium strains 14028 and SL1344 in the presence or absence of Larabinose would show whether the two strains result in different levels of THP-1 cell infection
and whether L-arabinose impacts infection.

5.6. The impact of S. typhimurium stress response proteins on THP-1 infection
SPI-1 is not the only set of genes that are differentially expressed by S. typhimurium in late
stationary versus late exponential phase. S. typhimurium needs to adapt to many different
environments and their stresses, including the nutrient limited conditions which result in late
stationary phase of population growth. It does this through transcriptional regulation which in
turn is regulated by alternate sigma factors (proteins responsible for binding of RNA polymerase
to promoter regions of DNA), two component systems, and transcriptional repressors (195).
While it is predicted that SPI-1 is primarily responsible for the differences in the infection level
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of THP-1 cells seen between the two protocols, any number of genes differentially expressed
between the two different growth phases could have influenced the level of THP-1 infection
seen.

The Cpx stress response system is a two component system which is upregulated in late
stationary phase (196). When the Cpx system was further induced by the overexpression of
nlpE, which is known to induce the Cpx system, an increase in the internalization of S.
typhimurium was seen (Figure 10). Conversely, when THP-1 cells were infected with a late
exponential phase S. typhimurium strain in which the Cpx system was induced, a 10-fold
decrease in the number of bacteria internalized was seen when compared to uninduced cells. The
Cpx system has been shown to repress the expression of the genes encoded in SPI-1 (118). Since
SPI-1 is predicted to be reason that late exponential phase bacteria have increased infectivity, the
decrease in the infectivity of strains that overexpress nlpE may be due to the repression of SPI-1
by the Cpx system.

Expression of rdoA is upregulated by Cpx and has a role in the S. typhimurium stress response.
In the late stationary phase model, little difference was seen between the rdoA null S.
typhimurium strains compared to the wild type strains, regardless of the plasmid present. This
implies the mutation in rdoA did not impact the initial infectivity or the persistence of the
bacterium inside THP-1 cells over time when the infecting culture was in late stationary phase.
Conversely, the Cpx-induced and rdoA null strain of late exponential phase S. typhimurium
(rdoA- pND18) had the lowest levels of internalization indicating the absence of RdoA hindered
THP-1 cell infection under conditions that induce the Cpx system. In the late exponential phase
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model the rdoA- pBAD18 strain had decreased in the amount of internalized S. typhimurium
indicating the possibility that RdoA had an impact on the persistence of the bacterium within
THP-1 cells. Further work is needed to confirm and clarify the current findings, however clearly
genetic differences in the infecting strain of S. typhimurium resulted in different levels of
internalization.

5.7. Infection of THP-1 cells with eGFP expressing S. typhimurium
The presence of the pFPV25.1, which constitutively expresses the eGFP protein, negatively
impacted the infection rate of THP-1 cells for both protocols.

This was unfortunate as

fluorescence microscopy would have provided a better picture on how S. typhimurium was
infecting the THP-1 cells instead of assuming a consistent level of THP-1 cell infection. When
expressed in high concentration in the cell GFP can be toxic (197), however NLM2389 grew
similarly to wild type S. typhimurium in culture while expressing the eGFP protein suggesting
toxicity was not an issue. A high level of eGFP production may cause a burden on the cells,
which in turn may negatively impact the infection rate of the bacteria due to many resources
being used to produce eGFP thus leading to altered gene expression profiles (198). While the
growth of NLM2389 does not seem to be affected, the infection rate is altered. The literature
reports similar problems (193, 199). Of particular importance, the presence of pFPV25.1 was
reported to decrease the S. typhimurium invasion of HeLa and RAW 264.7 cells in SPI-1 induced
conditions, but not in un-induced conditions (199). It was reported that in plasmids other than
pFPV25.1 the production of GFP was not the cause of the decreased infection, rather the
presence of the plasmid itself (193). When GFP was chromosomally integrated the infection rate
of Madin–Darby canine kidney cells by S. typhimurium was similar to wild type (193).

82

Future work on this project should include chromosomal integration of the eGFP gene followed
by testing to see if the infection rate of the new strain is similar to wild type S. typhimurium. If
the infection rate of the resulting strain is similar to wild type S. typhimurium then microscopy
could be carried out. If the infection rate is not desirable, another fluorescent protein could be
tested. Perhaps simpler would be to conduct electron microscopy on infected THP-1 cells in
order to determine the number of THP-1 cells infected and the number of internalized S.
typhimurium inside. Flow cytometry on infected THP-1 cells was considered (200, 201) to
confirm the infection rate of THP-1 cells with S. typhimurium, however since the level of THP-1
cell infection with the eGFP strain of S. typhimurium was low compared to wild type, flow
cytometry was not an option. Should a strain of GFP-expressing S. typhimurium that has a
similar infection level as the wild type be made, flow cytometry could be considered. However,
fluorescence microscopy would provide more data and is thus the preferred method.

5.8. Role of IL-27 in S. typhimurium infection of THP-1 cells
It was hypothesized that IL-27 would have a protective effect on THP-1 cells during S.
typhimurium infection and this protection would be seen as a reduction of bacterially-induced
apoptosis, a decrease in the number of bacterial cells internalized or accelerate S. typhimurium
killing within infected THP-1 cells, which would be seen as a drop in the number of internal S.
typhimurium over time. However, IL-27 pre-treatment was shown not to have an effect on
bacterially-induced THP-1 cell apoptosis or S. typhimurium infection of and survival within
THP-1 cells. IL-27 has been shown to inhibit expression of the vacuolar ATPase responsible for
the acidification of the vacuole in macrophages (96). In most macrophage infections inhibiting
the vacuolar ATPase would promote the survival of the infecting bacterium, as was seen in
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Pseudomonas aeruginosa and Staphylococcus aureus infection (96).

In S. typhimurium

infection, SCV acidification is a critical step in the induction of SPI-2 and the proliferation of S.
typhimurium inside the SCV (126-128). IL-27 pre-treatment did not increase the level of S.
typhimurium initially infecting THP-1 cells. In the high infection protocol this could be due to
the hypothesis that SPI-1 is meditating the majority of S. typhimurium internalizations, which
would be unaffected by IL-27 pre-treatment. The low infection protocol does not show a change
in the initial infection of THP-1 cells implying that IL-27 does not affect THP-1 phagocytosis.

5.9. Cytokine production by THP-1 cells
As expected, IL-27 pre-treatment of THP-1 cells resulted in an increase in the amount of proinflammatory cytokines produced by the THP-1 cells. Guzzo et. al. (93) reported that IL-27
treatment of primary human monocytes induced expression of pro-inflammatory cytokines,
including TNFα and IL-6. THP-1 cells stimulated with IL-27 also showed increased TNFα and
IL-6 production compared to unstimulated cells (93). IL-27 pre-treatment followed by the
addition of LPS increased the TNFα and IL-6 production from human primary monocytes
compared to LPS alone (95). A similar situation was seen when THP-1 cells pre-treated with IL27 were then infected with S. typhimurium. Repeating the experiments with an LPS control
would determine if the increase in pro-inflammatory cytokine production was a result of the
presence of live S. typhimurium and eliminate the possibility that the increase was as a result of
S. typhimurium releasing PAMPs, such as LPS or flagellin, into the media which triggered PRRs
and induced pro-inflammatory cytokine production. Regardless, IL-27 seemed to prime THP-1
cells, allowing them to respond faster and stronger to infection by S. typhimurium resulting in a
further increase in the pro-inflammatory response.
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Differences were also seen between the 2 protocols in the amount of cytokines produced with
late exponential phase S. typhimurium cells eliciting a lower level of TNFα and IL-6 production
from THP-1 cells.

At high bacterial infection loads it may be that the THP-1 cells are

functionally compromised, which results in a lower level of cytokine production. In the late
stationary phase protocol the majority of the THP-1 cells are not infected and still capable of
responding to pro-inflammatory cytokines produced by infected cells by further producing proinflammatory cytokines. The overall result is that the population of THP-1 cells infected with
late stationary S. typhimurium produce more cytokines than THP-1 cells infected with late
exponential phase bacteria. Little can be found in the literature on the impact of different levels
of pathogen infection on the production of cytokines from immune cells. One paper showed that
monocyte derived macrophages and dendritic cells infected with M. tuberculosis at increasing
MOIs, which increased the level of infection of the immune cells, resulted in increased
production of IL-1β, IL-6, IL-10 and TNFα in macrophages and IL-12, TNFα and IFN-α in
dendritic cells (202), the opposite of what was seen in this research. However, M. tuberculosis
was incubated with the macrophages and dendritic cells for 16 hours followed by an additional
24 hour culture period before the amount of cytokines produced by the cells was detected using
ELISA (202). Thus this research looked at the long term cytokine production by infected
macrophages and dendritic cells compared to the short term response seen in this study which
could account for the discrepancy.

Alternatively, the difference seen between the amount of cytokines produced and secreted could
be due to the predicted mechanism of uptake into THP-1 cells. In phagocytic uptake a number of
host cell signalling events and host cell factors are required before bacterial cell uptake which are
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unnecessary in SPI-1 mediated uptake (128, 203-205). It is predicted that the increased cytokine
production in the late stationary protocol is a result of host cell receptor recognition of S.
typhimurium and the subsequent signalling cascades leading to a stronger THP-1 cell response to
the bacteria. In contrast the late exponential phase infection protocol is predicted to occur
through SPI-1 mediated uptake. This method of uptake is thought to result in reduced cytokine
production as it is predicted to be faster resulting in less time for the THP-1 cells to be triggered
to produce cytokines. Additionally, the SPI-1 effector protein AvrA has been shown to inhibit
the activation of NF-κB (206), a key transcription factor in the production of pro-inflammatory
cytokines through which IL-27 promotes pro-inflammatory cytokine production (93). To access
whether or not SPI-1 is responsible for the decrease in cytokine production between the high and
low infection protocols, infecting THP-1 cells with late stationary and late exponential phase
SPI-1 S. typhpimurium mutants, isolating the culture supernatants and performing ELISAs to
detect the amount of cytokine produced could be carried out. The results would be compared to
the production of pro-inflammatory cytokines produced by wild type S. typhimurium.

This research determined that there was an increase in the amount of pro-inflammatory cytokines
produced by THP-1 cells, however monocytes also produce anti-inflammatory cytokines. An
attempt was made to determine if IL-27 pre-treatment of PMA-treated THP-1 cells had an effect
on the production of IL-10, an anti-inflammatory cytokine (data not shown).

No IL-10

production was detected by THP-1 cells infected with late stationary or late exponential phase
bacteria. However, there are 2 main reasons for this. IL-10 production is induced late in
infection (207) while the latest time point studied in this research was 12 hours after the addition
of S. typhimurium.

Additionally THP-1 cells do not produce as much IL-10 as primary
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monocytes (Gee laboratory unpublished observations). Extending the time points to 24 and 48
hours would be beneficial to determine if IL-27 pre-treatment impacts IL-10 production in the
current infection models.

This study looked at the short term production of 2 different pro-inflammatory cytokines (TNFα
and IL-6) and attempted to look at the production of the anti-inflammatory cytokine IL-10.
Moving forward, this research could also look at the effect of IL-27 on the production of both
pro- and anti-inflammatory cytokines at 24 and 48 hours after the addition of S. typhimurium.
Additionally, IL-27 effects the production of other cytokines and chemokines, such as IL-12p40,
IL-1β, IP-10, MIP-1α and MIP-1β, by innate immune cells (93, 208, 209). Determining whether
IL-27 impacts the production of these cytokines from infected THP-1 cells is of interest.

The work discussed here was all conducted with the model THP-1 cell line. Models are useful
tools to study complex immunological systems, however the findings reported here could be
further validated in primary human monocytes.

5.10. Conclusions
Two infection protocols were developed to look at the effect that IL-27 pre-treatment of THP-1
cells had on S. typhimurium infection. The developed protocols were shown to be sensitive to
genetic variation in the infecting S. typhimurium strain. It was hypothesized that IL-27 pretreatment of THP-1 cells would lead to an altered THP-1 cell response to S. typhimurium
infection. However, evidence of altered THP-1 cell death was not seen in cells pre-treated with
IL-27. The level of S. typhimurium that initially infected THP-1 cells or the number of bacterial
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cells that persisted intracellularly over time was not affected by IL-27 pre-treatment. IL-27 pretreatment of S. typhimurium infected THP-1 cells did result in increased production of TNFα and
IL-6 compared to THP1 cells only infected with S. typhimurium. Therefore, IL-27 pre-treatment
of THP-1 cells enhanced the pro-inflammatory response of the THP-1 cells. As this research is
in the beginning stages, there are many unanswered questions and many future experiments
required. The most important experiment is to determine if SPI-1 is responsible for the increased
THP-1 cell infection by late exponential phase S. typhimurium which would allow for better
interpretation of the current findings.
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Appendix A: Solutions and media
LB broth
1% w/v Tryptone
0.5% w/v Yeast Extract
0.5% w/v NaCl
For agar plates add 1.5% agar

LB-Miller broth
1% w/v Tryptone
0.5% w/v Yeast Extract
1.0% w/v NaCl

Phosphate Buffered Saline (1X)
0.8% NaCl
0.02% KCl
0.144% Na2HPO4
0.024% KH2HPO4
RPMI 1640

0.03% w/v L-glutamine
25 mM HEPES
0.2% w/v sodium bicarbonate

THP-1 cell Freezing Medium

RPMI 1640
20% v/v heat inactivated fetal bovine serum 1
10% v/v dimethyl sulfoxide (DMSO)

THP-1 cell Lysis Buffer
0.1% v/v Trition X-100
0.01% w/v Sodium Dodecyl Sulphate
Made in PBS (see above)

ELISA Wash Buffer
PBS with 0.05% Tween
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