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SUMMARY

Intracellular bacterial pathogens have developed mechanisms to enter and invade cells, to
survive the immune response and to replicate inside the host. We studied the innate
mechanisms that have evolved in the host to battle intracellular bacterial pathogens, such as
the obligate intracellular Chlamydia pneumoniae and the facultative intracellular Listeria
monocytogenes, which invade the respiratory and the gastrointestinal tracts in humans.

Infection of murine bone marrow-derived macrophages (BMM) with C. pneumoniae
induces IFN-a/f-dependent IFN-y secretion leading to the control of intracellular bacterial
growth. We studied the molecular details of chlamydial-induced IFN-a and IFN-y expression
in BMM. We demonstrated that TLR4, but not TLR2, TLR6 or TLRY, is essential for the
control of C. prneumoniae infection. We found that TLR4-MyDS88-IRAK4-dependent
signaling is necessary for IFN-a and IFN-y mRNA expression, and protection against
infection of BMM with C. pneumoniae. In C. pneumoniae-infected BMM, IFN-o/f3-
dependent STAT1 was necessary for increased IFN-y mRNA accumulation and bacterial
growth control. Enhancement of IFN-y mRNA levels and control of C. pneumoniae infection
also required NF-xB activation. We showed that NF-«xB activation is TRAF6-dependent, but
independent of TLR4-MyD88-IFN-o/f signaling in intracellular bacterial infection. In C.
pneumoniae-infected IRF3”~ BMM, IFN-q and IFN-y mRNA levels and bacterial levels were
not altered compared to the WT. However, IFN-p”" BMM showed higher loads of C.
pneumoniae and no expression of IFN-a and IFN-y mRNA in comparison to the WT BMM.
In conclusion, we demonstrated that TLR4-MyD88-IFN-o/B-STAT1-dependent signaling, as
well as TLR4-MyD88-independent but TRAF6-dependent NF-kB activation play a role in
IFN-y expression and protection against C. pneumoniae infection in BMM.

We then studied the protective role of STATI in mice infected intranasally with C.
pneumoniae. STAT1 mediated an IFN-o/BR- and IFN-yR-dependent protection against C.
pneumoniae infection in vivo. STATI phosphorylation was detected after chlamydial
infection in IFN-o/BR” and IFN-yR”" mice, but not in IFN-a/BR”/IFN-yR"" mice. T cells
released IFN-y and conferred protection against C. pneumoniae in a STATI1-independent
fashion. STAT1 mediated microbicidal mechanisms of non-hematopoietic cells, leading to
control of intracellular infection in vivo. Thus, STAT1 mediates a cooperative effect of IFN-
o/f and IFN-y on non-hematopoietic cells, resulting in protection against C. pneumoniae in
pulmonary infection.

We next addressed the role of NOD1 in growth control of L. monocytogenes. NOD1
conferred protection to intraperitoneal and subcutaneous infection of L. monocytogenes, and
controlled the dissemination of L. monocytogenes into the brain. NOD1 was not involved in
the generation of adaptive immune responses or the recruitment of inflammatory cells. Non-
hematopoietic cells accounted for the NODI-mediated resistance to L. monocytogenes.
Furthermore, L. monocytogenes-infected NOD1” BMM, fibroblasts and astrocytes showed
increased bacterial load, and IFN-y-induced inhibition of bacterial growth was dampened in
NODI1” BMM. Surprisingly, a number of important inflammatory cytokines, chemokines,
growth factors and metalloproteases were increased in NOD1”" compared to WT fibroblasts as
determined by microarray analysis. In conclusion, NOD1 confers non-hematopoietic cell-
mediated resistance to infection with L. monocytogenes in vivo. It plays a role in the control
of infection in BMM, fibroblasts and astrocytes, and is required for IFN-y-mediated L.
monocytogenes growth control in BMM.
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INTRODUCTION

Intracellular bacterial pathogens

Intracellular bacterial pathogens have evolved mechanisms to enter and invade cells,
to survive intracellular antimicrobial defenses, and to replicate and spread to other
cells. The strategy is similar for most intracellular pathogens, but the bacterial
mechanisms vary substantially in terms of preferred cell type and cell compartment,

microbial molecules revealed to immune receptors and elicited downstream signaling
by the bacteria. For example, Listeria, Shigella and Rickettsia species escape the
phagosome into the cytosol and are able to invade adjacent cells by cell-to-cell spread.
Other bacteria block the maturation of the phagolysosome in the endocytic pathway,
such as Chlamydia, Salmonella and Mycobacterium species (1). From the host’s
perspective, a number of mechanisms have been developed during evolution to
confront the threat for survival posed by different pathogens. These mechanisms are
usually successful, but in some cases co-adaptation of the bacteria to the host gives
rise to a delicate balance of causing a chronic disease. This thesis treats different
aspects of the host immune defense to the intracellular bacterial pathogens Chlamydia
pneumoniae and Listeria monocytogenes.

Chlamydia

Chlamydiaceae were once considered viruses due to their small dimensions. However,
it 1s now classified as a family of obligate intracellular Gram-negative bacterial
pathogens, which need to differentiate, replicate and re-differentiate within a host cell
to carry out their life cycle (2). They possess inner and outer membranes similar to
Gram-negative bacteria, and are susceptible to antibiotics. They have DNA, RNA and
prokaryotic ribosomes, and synthesize their own proteins, nucleic acids and lipids.
However, Chlamydiaceae have been designated “energy parasites” as it is believed
that they must scavenge high-energy compounds, such as ATP from the host cell (3).

Chlamydiaceae once consisted of only four species in the genus Chlamydia.
Since 1999, a new taxonomy has divided the family into two genera of totally nine
species. The genus Chlamydia now comprises Chlamydia trachomatis (isolated only
in humans) and Chlamydia muridarum (mice and hamsters). The former Chlamydia
pneumoniae (only humans), Chlamydia psittaci (humans and birds) and Chlamydia
pecorum (cattle) were introduced into a new genus, Chlamydophila (4). However, this
reclassification is still controversial and debated. In this thesis, Chlamydia will be
used for all Chlamydiaceae as in the articles.

Chlamydia causes a wide range of clinically important diseases in humans. C.
trachomatis causes ocular trachoma, which is endemic in the Middle East, North
Africa and India. An estimated 150 million people worldwide are infected, of whom
six million are blinded as a result. C. trachomatis is also the most common bacterial
cause of sexually transmitted disease worldwide, with 90 million new infections
worldwide per year reported by WHO (5). In Sweden, a dramatic increase has
occurred in the last 10 years with 47,000 reported cases of C. trachomatis infection in



2007 (6). Acute infection with C. trachomatis can result in salpingitis and pelvic
inflammatory disease, potentially leading to ectopic pregnancy and infertility
primarily (5). Chlamydial genital tract infection has also been suggested to facilitate
HIV transmission (7). The silent nature of the disease and people’s reluctancy to use
condoms help the bacteria to spread, although antibiotics, such as azithromycin or
doxycycline, are efficient in most cases to eradicate the bacteria. There is a high
prevalence of C. trachomatis infection among young women, of which 70-75 % of
have asymptomatic disease, which highlights the need for screening or a vaccine (8).

C. pneumoniae causes upper and lower respiratory diseases. In industrialized
countries it accounts for approximately 10 % of community-acquired pneumonia and
5 % of cases of bronchitis and sinusitis (9). Infection may initially involve the upper
respiratory tract and be later followed by cough and engagement of the lower
respiratory tract. Chronic respiratory disease due to C. pneumoniae has been reported,
as well as epidemics in school and military environments (10-15). More than 50 % of
the world’s population worldwide has been infected, as proven by serological
evidence of past infections. There is only one serotype (TWAR) in humans, but C.
pneumoniae infections in koalas, horses, frogs, reptiles and bandicoots have been
reported (16). 70 % of infections with C. pneumoniae are asymptomatic or mild, and
chlamydial pneumonias cannot be clinically differentiated from other atypical
pneumonias, such as those caused by Mycoplasma pneumoniae, Legionella
pneumophila and respiratory viruses (17, 18). Interestingly, C. pneumoniae has also
been suggested to participate in the pathogenesis of atherosclerosis. C. pneumoniae
can spread systemically to vascular tissue, where it can infect and grow in smooth
muscle cells, endothelial cells and macrophages, and it has been found in
atherosclerotic plaques (19, 20). Infection has been suggested to accelerate the
progression of the experimental disease in some studies (21-23) but not in others (24,
25), and anti-chlamydial antibiotics can prevent or retard pathology (21). However,
several extensive clinical intervention trials with antibiotics showed no evidence for
treatment benefit in stable and acute coronary syndrome patients, and the exact role of
C. pneumoniae in the development of atherosclerosis in human remains to be defined
(reviewed in (26)).

Chlamydial life cycle

Chlamydia has a unique biphasic developmental cycle, which occurs inside host cells.
The infection is initiated by the extracellular elementary body (EB), which enters
epithelial cells at mucosal surfaces. The EB is a small (0.3 to 0.4 wm), metabolically
inactive, infectious and resistant spore-like form. The EB adheres to the host cell and
enters by receptor-mediated endocytosis, pinocytosis or phagocytosis. It avoids the
fusion of the phagosome with the lysosome and intracellular killing is hence inhibited.
Within 8 to 12 hours after entry, the EB differentiates into a larger (0.8 to 1.0 um),
metabolically active reticulate body (RB). The RB is osmotically sensitive but
protected by its intracellular location. It divides by binary fission and the phagosome
with accumulated RBs is now called an “inclusion”, which can be detected by



histological staining. The replication probably occurs by altering the host cell
functions in order to establish and maintain a favorable environment. Thereafter the
RB differentiates back into the EB form. Cell death at the end of the infection cycle
allows Chlamydiae to exit the cell and reinitiate new rounds of infection after two to
three days (figure 1) (2, 27). Chlamydia can differentiate into a persistent atypical
form (aRB), which does not proliferate and causes the host cell to become resistant to
apoptosis. This state is triggered by nutrient deprivation, elevated temperature or
presence of interferon (IFN)-y. The aRB will redifferentiate into an active RB upon
removal of the biological stress, giving rise to a reactivation of infection (figure 1).
The persistent forms could account for chlamydial chronicity (28, 29).

Productive replicative cycle Persistence
EB attachment and invasicn Innibition of Primary differentiation
(endocylosis) phagolysosomal fusion EE to RB
EB ——= + |[FN-y

Aberrant
forms

Nucleus

Exocytosis or host Secondary differentiation Growth
cell lysis RB to EB (binary fission) i

Figure 1. Developmental cycle of Chlamydia (30).

The natural route of infection of C. pneumoniae is the respiratory tract,
spreading from person to person via aerosols. It infects primarily bronchial and
alveolar epithelial cells, but also endothelial cells and macrophages (17). In the lung,
the bacteria establish a patchy interstitial pneumonia. Inflammatory infiltrates initially
include neutrophils and later monocytes. The clinical manifestations of chlamydial
infections are due to the direct destruction of cells during replication and the host
inflammatory response (31).

Immunity to C. pneumoniae proceeds in two stages: 1) an early innate immune
response requiring IFN-y to limit growth of bacteria, and 2) a later adaptive immune
response that involves CD4" and CD8" T cells, and IFN-y in protection (32-34). In
contrast to infections with other invasive bacteria, epithelial cytokine response to
Chlamydia i1s delayed until 20-24 hours after infection (35). This may be due to the
weak immunostimulatory effect of chlamydial molecules, or to their low



concentration in the beginning of the life cycle. The adaptive immune responses are
weak and often insufficient to resolve the infection (36). Immunity is unable to
prevent reinfection, and chlamydial infections are often recurring. Instead the
infection induces immune responses that chronically produce inflammatory cytokines,
leading to tissue pathology associated with infection (37). Antibiotics are effective in
curing acute chlamydial infections, but probably not in resolving chronic conditions.
The persistent aRBs are refractory to antibiotic treatment, since they are mainly non-
replicative and with low metabolic activity (29).

The production of a vaccine to Chlamydia would be an effective way to
significantly reduce the prevalence of infection and use of antibiotics. When
designing vaccines the innate immune mechanisms after infection determine the
quality of the response, which should preferably be sterilizing and give long-term
protection, but at least result in reduced pathology and shortened course of infection.
Therefore, the details of innate immunity to Chlamydia need to be elucidated. We
used in vivo and in vitro models for studying immunity to intracellular C. pneumoniae
infections. Studies in mice are useful as a model for immunological studies of the
immune response to C. pneumoniae in humans, as numerous knockout mice deficient
in specific genes that participate at different levels in the innate and adaptive immune
responses are available. Experimental infection models have been established to study
acute C. pneumoniae infection in mice. Intranasal infection caused pneumonia in
animals and no difference in susceptibility between several inbred mouse strains was
seen (38). In our experiments with C. pneumoniae, a mouse model with the isolate
Kajaani 6 was used (39). Kajaani 6 was obtained during an epidemic outbreak in
military garrisons in northern Finland (40). C. pneumoniae mouse models seem to be
similar to the human infection, in that mice acquire a mild, non-lethal lung
inflammation with similar kinetics, development of partial protection and capacity to
reinfect.

Listeria

The genus Listeria consists of six species, of which Listeria monocytogenes is the
only human pathogen. L. monocytogenes is a short (0.4 to 0.5 x 0.5 to 2.0 um), Gram-
positive, facultative intracellular anaerobic bacillus (41). It is found ubiquitously in
soil and water, and can grow between 1° and 45° C, for example in refrigerated food.
Focal epidemics or spontaneous cases of listeriosis often occur, spreading via
contaminated foods, such as unpasteurized dairy products and undercooked foods
(42). Listeriosis is uncommon, as only around 40-70 cases are reported each year in
Sweden (6). However, the mortality rate of symptomatic listerial infection is higher
than other food-borne diseases, being up to 30 % (41).

In healthy adults most listerial infections are asymptomatic or give a mild
influenza-like illness. However, L. monocytogenes has the ability to cross three
barriers: the intestinal, the placental and the blood-brain barriers (41). In a few cases
in healthy adults, but more commonly in patients at higher risk, L. monocytogenes can
cause clinical diseases, such as gastroenteritis, septicemia, meningitis and



meningoencephalitis (41). High-risk populations include neonates, elderly people,
pregnant women and patients with suppressed cell-mediated immunity, e.g. AIDS and
transplant patients (42). Listeria can spread from the pregnant woman to the fetus,
which may cause abortion and stillbirth. It can also enter the brain in a hematogenous
way via the blood-brain barrier or the choroid plexus (41). Listeria encephalitis can
result from retrograde invasion of the brain stem via a neural route (43, 44).

Listerial life cycle

L. monocytogenes is taken up by phagocytes, but also non-phagocytic cells, where the
entry is facilitated by bacterial cell attachment proteins, called internalins, which are
expressed on the surface of the bacteria (45). L. monocytogenes is phagocytosed by
macrophages via a process thought to involve complement factors and scavenger
receptors (46, 47). After entry into the cell, the low pH in the phagolysosome
activates a bacterial cholesterol-dependent cytolysin, called listeriolysin O (LLO).
This will result in the escape of the bacterium into the cytosol (41). LLO is encoded
by the hly gene and binds as a monomer to membranes. It is diffused and
oligomerized on the membrane, resulting in the formation of a pore. The activity of
LLO is restricted to the intracellular space through an optimum at acidic pH and a
rapid degradation (41). Once in the cytosol, the bacterium starts replicating at a
doubling rate of around one hour, utilizing host nutrients. It then moves to the cell
membrane, and penetrates into another host cell. This intracellular movement is
driven by a bacterial motility protein, ActA, which is localized on the surface of one
end of the bacterium. It assembles actin filaments into a tail, with the bacterium at the
assembling end of the tail. This moves the bacteria through the cytoplasm to the cell
membrane. By protrubing the cell membrane a filopod is created, propelling the
bacteria through the cytoplasm into an adjacent cell. The double membrane vacuole
created is lysed by LLO and a lecithinase, and the cycle is thus completed (figure
2)(48).
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Figure 2. Infectious cycle of Listeria. Figure is adapted from (49).

The natural route of infection is the gastrointestinal tract. A majority of the
listerial organisms ingested with contaminated food are killed by the acidic pH in the
stomach. The surviving L. monocytogenes infects intestinal epithelial cells and M
cells in the Peyer’s patches. They can spread to adjacent enterocytes, causing enteritis,
or transmigrate through the epithelial cell layer and disseminate through lymph or
blood to mesenteric lymph nodes, spleen and liver, where they are primarily
internalized by splenic and hepatic macrophages and normally killed in
immunocompetent individuals (41). Innate immune responses are rapid and essential
for host survival during infection with L. monocytogenes. It prevents growth and
dissemination of bacteria into a systemic and lethal infection. Primarily neutrophils
and then macrophages are main mediators of the initial killing of L. monocytogenes.
The adaptive immune response is mostly important for long-term clearance of
bacteria (50).

L. monocytogenes is a useful model for studying the innate immune responses
to intracellular bacterial infections. There are mutants of Listeria that are defect in
defined steps of the intracellular life cycle. Although other animals have been used,
mice are the most useful model due to availability of knockout mice. Macrophages are
the primary cells to be infected and the main reservoir of L. monocytogenes in vivo,
and therefore the main focus of studies of the innate immunity to L. monocytogenes.
Replication occurs primarily in macrophages and they are necessary for clearing
bacterial infection (51). However, L. monocytogenes has been shown to grow also in
hepatocytes, endothelial cells, epithelial cells, fibroblasts and various types of nerve
cells (41). Unfortunately, mice are quite resistant to gastrointestinal invasion by L.



monocytogenes, due to the fact that listerial internalin A does not bind to mouse E-
cadherin (52). Therefore, most laboratory studies are done using intravenous or
intraperitoneal inoculations, hence focusing on the systemic infection.

The immune response to intracellular bacterial infections

Innate immunity

The innate immunity of the host is the front line of defense. It is an evolutionarily
conserved, swift and ontogenetically fixed response, which does not require priming
or memory (53). Multicellular organisms depend on a rapid innate response to
successfully eradicate invading microbes. Innate immunity has multiple aspects:
pathogen recognition, antimicrobial defense and instruction of the adaptive immune
response (54). The innate immune system is composed of non-phagocytic and
phagocytic cells in tissue and blood, circulating plasma-derived proteins, such as
complement factors, and cell-derived proteins, such as cytokines. The recruitment of
inflammatory cells to the site of infection and the subsequent release of
proinflammatory cytokines, such as interleukin (IL)-1, IL-6, tumor necrosis factor
(TNF)-a and IL-12 is crucial for innate resistance to intracellular bacterial infections.
Different classes of pathogens elicit different innate immune responses and the effect
of this is dependent on the type and concentration of cytokines. However, cytokines
have significant redundancy, since different cytokines seem to have similar effects
(59).

During a bacterial infection, bacteria initially encounter the polarized epithelia
of the mucosal surface, which act as a first chemical, mechanical and microbiological
barrier to infection. The epithelial cells are not considered professional immune cells,
but are nevertheless mediators and effectors of the innate immune responses after
infection (35, 56). If bacteria cross the epithelial barrier, they are immediately
recognized by macrophages that reside in tissues, such as Kupffer cells, alveolar and
peritoneal macrophages. Resident macrophages are responsible for the initial killing
of the majority of bacteria (51). Neutrophils account for 70 % of all leukocytes in
blood, and are quickly recruited to the site of infection, where they engulf bacteria.
They can also kill extracellular bacteria by releasing granule and antimicrobial
peptides (55). Within 8-12 hours, inflammatory macrophages are attracted to the site
of infection. Macrophages and other phagocytic cells recognize bacteria with a set of
innate immune receptors, called pattern recognition receptors (PRRs), which can
discriminate bacterial surface molecules. In response to innate immune receptor
signaling, cells produce pro-inflammatory cytokines and chemokines, such as CXCL8
and CCL2, triggering a state of inflammation and attracting more cells to the site of
infection. Inflammation facilitates both killing of the bacteria and initiation of repair
of the injured tissue. Dendritic cells (DC) are activated by PRRs, leading to
expression of MHC and costimulatory molecules, and cytokines. This enhances the
ability of DC to stimulate T cells. DC migrate to lymphoid tissue were they interact



with T and B cells to initiate and shape the adaptive response (53). Innate immunity is
therefore also necessary for triggering the adaptive immune responses.

The macrophage and intracellular infections

Monocytes circulate in the bloodstream and then migrate to tissues upon chemotaxis,
where they mature into different types of macrophages at different anatomical
locations. Monocytes become resident macrophages under normal states and in
response to inflammation signals they move to sites of infection in the tissues and
differentiate into inflammatory macrophages to elicit an immune response.
Macrophages have a double role in the immune response to intracellular bacterial
infections, since they are both important effector cells of the innate immune system
and one of the primary cells in which bacteria survive and proliferate. Intracellular
bacteria can grow inside resident macrophages, as they have developed several
particular and sophisticated immune escape mechanisms. Chlamydia inhibits the
phagolysosomal fusion and directs the infected phagosome to the Golgi apparatus.
Listeria escapes from the phagosome into the cytosol, where it proliferates. Although
macrophages mount a potent innate response to infection required for effective
bacterial clearance, such a response is not by itself sufficient for destruction of
intracellular bacterial pathogens. The immunological dogma indicates that T cells
activated in the peripheral lymphoid organs after cognate recognition of dendritic
cells presenting bacterial antigens will be recruited into the inflammatory site,
recognize the infected macrophage and secrete a variety of cytokines. Among them,
IFN-y is the most important cytokine during early phase of infection with intracellular
bacteria. IFN-y acts in synergy with signals transmitted from PRRs to further trigger
the activation of macrophages and their phagocytosis of the bacteria. Once activated,
macrophages block the escape into the cytosol in the case of Listeria, or increase
dramatically bacteriocidal effector mechanisms, such as increased acidification, a
more efficient maturation of the phagosome, increased levels of hydrolytic enzymes,
production of reactive oxygen and nitrogen species, restriction of iron and nutrients,
and other induced effector mechanisms, which have varying relevance on different
infections. Furthermore, activated macrophages also produce proinflammatory
cytokines and chemokines to further recruit and activate other cells to the site of
inflammation in a feedback loop. On the other hand, destruction of the pathogen and
the consequent decreased levels of bacterial innate immune receptor ligands can
ultimately downregulate these responses (55).

Adaptive immunity

The adaptive immune cells (T and B cells) have an exceptional diversity of antigenic
specificity. Professional antigen-presenting cells (pAPCs), such as macrophages, DC
and B cells, engulf bacteria or infected cells, and present antigen from degraded
bacteria in the lysosome via the MHC class II pathway to CD4" T cells. Intracellular
bacteria that enter epithelial cells, which lack the expression of MHC class 11, will
replicate inside the cell without being presented to CD4" T cells. However, proteins



from vesicle membranes and the cytosol are degraded into peptides by the host
proteasome. These peptides are transported into the endoplasmic reticulum, loaded
onto MHC class I molecules, displayed on the cell surface and presented to CDS" T
cells. In addition to recognition of antigen on MHC by the T cell receptor, T cells
need to be activated by costimulatory molecule signal and stimulation by multiple T
cell growth factors, such as the cytokines 1L-2, IL-4, IL-12, IL-15 and IFN-o/B (57).
As epithelial cells lack costimulatory molecules, T cells need to be activated by
pAPCs to respond to epithelial cells.

The cells of the adaptive immune system are necessary to limit infection and
provide protection during infection with Chlamydia and Listeria. In intracellular
infections, CD4" and CD8" T cells confer most of the adaptive immune response,
whereas B cells only play a minor role. In fact, Chlamydia and Listeria have been
found to be susceptible to T cell-mediated immunity, but B cells seem to be less
important for resolving infection (36, 51, 58). Chlamydia persists inside cells and
Listeria spreads cell-to-cell, without being detected by antibodies. B cells probably
play a small role in secondary infection of Listeria and Chlamydia, as antibodies will
bind extracellular bacteria and impede their ability to reinfect. T cells have a major
role in clearance of infection with C. pneumoniae and L. monocytogenes (32, 59). T
cells establish long-term protective immunity upon infection with L. monocytogenes.
Chlamydia-specific memory T cells are able to mount a strong response after
secondary infection, but not efficiently enough to prevent recurrent infections (32, 51,
60).

CD4" T cells activate and regulate B cells, CD8" T cells and inflammatory
cells by contact- and cytokine-dependent processes. The type of cytokines that T cells
produce reflects the nature of infection, the host genetics and the environment. CD4"
T cells can differentiate into Tyl, T2, Ty17 and regulatory T cell lineages. Tyl cells
participate in cell-mediated immunity and inflammation, Ty2 cells provide help for B
cells of the humoral immunity, Ty17 cells protect surfaces, such as the lining of the
intestine against extracellular pathogens and regulatory T cells suppress the activity of
the immune responses and thereby maintain immune system homeostasis and
tolerance to self-antigens (61, 62). Intracellular bacteria induce a strong Ty1 response,
and via the secretion of IFN-y, Tyl cells will, for example, trigger the microbicidal
activity of macrophages, directly limiting replication and also enhancing antigen
presentation to T cells (36, 51, 55). T2 cells do not seem to confer protection against
intracellular infections, and could even enhance infection by inhibiting Ty 1 responses
by secreting IL-4 (63). Activated CD8" T cells produce effector cytokines, such as
IFN-y and TNF-a, but also mediate immunity through lysis activity by means of
perforin and granzymes. Lysing activity leads to exposure of intracellular bacteria for
killing by activated macrophages (64). However, perforin does not seem to be
important for protection against primary infection with C. pneumoniae and L.
monocytogenes (32, 65).



Innate immune receptors

The innate immune system is able to recognize microorganisms through receptors,
called PRRs. They recognize pathogen-specific conserved molecules that are vital for
the survival of microbes, often carbohydrates or lipids, which are not present in the

host itself. These receptors do not require gene arrangement and clonal expansion as T
and B cell receptors do, and they are expressed on a wide range of cells. They include
Toll-like receptors (TLRs), nucleotide-binding oligomerization domain protein
(NOD)-like receptors (NLRs), scavenger receptors, C-type lectin receptors, including
the mannose and Dectin-1 receptors, and others, such as retinoic acid-inducible
protein I (RIG-I), melanoma differentiation-associated protein 5 (MDA-5) and DNA-
dependent activator of interferon regulatory factors (DAI). Some innate receptors are
cell surface- or endosome-bound receptors that recognize microbes as they enter the
cell, whereas cytoplasmic receptors function after escape or leakage of components
from the phagolysosome. Circulating complement factors have the ability to
recognize pathogens directly and are in turn recognized by complement receptors on
macrophages (66). Pathogens can also be recognized by antibodies of the adaptive
immune response and subsequently opsonized through binding of Fc receptor on
macrophages. Innate receptors have been shown to have redundant and co-operative
functions in the detection of particular pathogens (67).

Toll-like receptors

TLRs are transmembrane receptors, present either on the cell surface or inside
endosomes. They are highly conserved across species and so far twelve different
TLRs have been identified in mice and ten in humans (68). They recognize an array of
microbial products (as shown in table 1). However, the mechanism for recognition has
not been well characterized and no clear evidence for direct interaction have been
demonstrated.
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Table 1. Some Toll-like receptors and their ligands in mice and humans (68).

RECEPTOR | LIGAND

TLR1 Triacyl lipopeptide

TLR2 Lipopeptide/lipoprotein, peptidoglycan, lipoteichoic acid, yeast
zymosan and others

TLR3 dsRNA

TLR4 Lipopolysaccharide, heat shock proteins and others

TLRS Flagellin

TLR6 Diacyl lipopeptide, lipotechoic acid, yeast zymosan

TLR7 ssRNA

TLR8 ssSRNA (not known in mice)

TLR9 CpG-containing DNA

TLRs have a leucine-rich repeat (LRR) extracellular domain involved in the
recognition of its ligand, and a cytoplasmic Toll-IL-1R (TIR) domain. Highly
conserved regions of the TIR domain recruit TIR-containing adaptor molecules,
leading to a TIR-TIR heterophilic interaction and different intracellular signaling
cascades depending on the adaptors involved. Each receptor binds to a specific
combination of adaptors in the signal transduction, triggering appropriate and
effective responses to pathogens (69). The TIR domain is also present on the IL-1 and
IL-18 receptors, thus sharing the same signaling pathway as TLR. TLR3, 7 and 9 are
endosomal and sense nucleic acid in particular. TLR2 (forming a heterodimer with
either TLR1 or TLR6), TLR4 and TLRS are localized on the plasma membrane (70).
Most of the TLRs are known to be expressed on macrophages. TLR9 is almost
exclusively expressed on pDC but in response to LPS it is also expressed in
macrophages (71).

TLR4 recognizes the endotoxin lipopolysaccharide (LPS) from Gram-negative
bacteria. LPS is known to bind to a serum protein, the LPS-binding protein (LBP) and
this complex interacts with a soluble form of glycoprotein CD14 and the adaptor
MD?2 on the cell surface, which is associated with the extracellular portion of TLR4
(72). TLR4 has also been suggested to recognize heat shock protein (HSP) 60 and 70,
fibrinogen and viral envelope proteins, but they could be questioned to be
contaminated with LPS (68).

Upon binding of their ligand TLRs initiate a common signaling cascade
leading to induction of inflammatory responses and importantly to the initiation of the
adaptive immune response. All TLRs except TLR3 use the adaptor molecule myeloid
differentiation factor 88 (MyD88), which consequently has an important role in the
downstream transduction of the signal. TLR signaling is known to induce
transcription of proinflammatory cytokines, chemokines and costimulatory molecules.
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This occurs via activation of two downstream signaling pathways nuclear factor x
enhancer binding protein (NF-kB) and mitogen-activated protein (MAP) kinases.

Several TLRs can induce also IFN-0/f, through the activation of interferon regulatory
factors (IRFs) (69).

TLR4 signaling

TLR4 signaling can be both MyD88-dependent and -independent (figure 3)(69, 72).
The intracellular TIR domain of TLR4 associates to the TIR domain of the MyD88
(73), together with the MyD88-adaptor-like protein (Mal, also known as TIRAP),
which is attached to the cell membrane. The death domain of MyD88 recruits the
death domain of IL-1R-associated kinases (IRAK), IRAKI, -2, -4 and —M, to the
receptor complex. IRAK4 is, in particular, required for TLR signaling (74, 75). The
association with MyD88 triggers the phosphorylation and the dissociation of IRAK4
from the complex. IRAK4 will associate with tumor necrosis factor receptor-
associated factor 6 (TRAF6), an E3 ubiquitin ligase (76, 77). TRAF6 forms a complex
with Ubcl3 and Uevla, which are ubiquitin conjugating enzymes, to promote
synthesis of polyubiquitin chains. These chains are required to activate the
transformation growth factor-p-activating kinase 1 (TAKT), which consequently leads
to activation of IkB kinases (IKKs). IKKs (consisting of IKKa, IKKf and 1KKY)
phosphorylate the inhibitor kB family, which normally sequesters NF-kB in the
cytoplasm, masking the nuclear localization signals (NLS). NF-kB consists of a
family of transcription factors, such as p50, p52, p65, RelB and c-Rel, which form
homo- or heterodimers. Phosphorylation of IkB proteins at two serine residues leads
to the subsequent ubiquitination and degradation in the proteasome and release of free
dimers of NF-kB. These dimers are translocated into the nucleus, where they bind to
cognate binding sites, to induce and regulate several target genes involved in cell
survival, cell proliferation and importantly in host defense, such as proinflammatory
cytokines, costimulatory molecules, adhesion molecules, chemokines, growth factors
and inducible enzymes (reviewed in (78)).
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Figure 3. MyD88-dependent and -independent TLR4 signaling.

TRAF6 signaling also leads to activation of MAP kinases, such as p38, c-Jun
N-terminal kinases (JNK) and extracellular signal-regulated kinases (ERK), which are
serine/threonine-specific kinases. An extracellular stimulus leads to activation of a
MAP kinase in a cascade, where upstream MAP kinases activate other MAP kinases
by phosphorylation. The activated MAP kinase phosphorylates different substrates,
such as effector kinases or transcription factors. MAP kinases regulate various cellular
activities, such as proliferation and differentiation, cell survival and also inflammation
(79). For example, MAP kinases phosphorylate and activate the transcription factor
activating protein 1 (AP-1). AP-1 has a role in expression of proinflammatory
cytokines (72). Apart from the involvement in MyDS88 and IL-1R signaling, TRAF6
also mediates TNFR and CDA40 signaling (80).

The TIR domain of TLR4 can also bind to other adaptor proteins including the
TIR domain-containing adaptor inducing IFN-B (TRIF), as well as TRIF-related
adaptor molecule (TRAM), which is associated with the plasma membrane. TRIF
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interacts physically with TRAF6 (81, 82). In the absence of MyD88, TRIF cannot
produce early proinflammatory cytokines in the LPS-induced response in
macrophages, implicating other transcription factors or the requirement for both
pathways in the induction of proinflammatory cytokines. However, TRIF can promote
a delayed activation of NF-kB and MAP kinases, called a late-phase activation, and
co-stimulatory molecule production (73, 83, 84). TRIF also associates with the TRAF
family member-associated NF-«kB activator (TANK)-binding kinase 1 (TBKI1) and
IKKi (also called IKKe) (85). These two kinases can in turn phosphorylate the
transcription factor IRF3 (86), linking TLR4 signaling to induction of type I IFNs.

Role of TLRs in bacterial infections

The recognition of specific molecular patterns by TLRs has been widely studied, but
the numbers of reports on the relevance of TLRs in infection models are still limited.
For example, TLR4 has been shown to protect against Salmonella typhimurium
infection (87). As infection involves several TLR ligands, deficiency in one receptor
can be redundant to the overall immune response. However, mice deficient in MyD88
and thereby in signaling by a number of TLRs, have been proved to be susceptible to
several different bacterial infections, such as Staphylococcus aureus (88),
Streptococcus pneumoniae (89), Mycobacterium species (90-93) and Neisseria
mengitidis (94). Human patients with deficiencies in MyD88 and IRAK4 suffer from
severe bacterial infections, but only to some agents, mostly S. pneumoniae and S.
aureus (95, 96).

TLRs and Chlamydia

TLRs appear to have a role in innate protection to chlamydial infections, as MyD88'/ i
mice are more susceptible than WT mice at 14 days after intranasal infection with C.
pneumoniae (97). Chlamydia has been reported to be recognized by TLR2 and TLR4
in vitro (98-103) and in vivo (104). However, TLR2" and TLR4”" mice were not more
susceptible than WT controls after intranasal infection with C. pneumoniae (97, 105).
Rodriguez et al. suggested a partial role for TLR2 and TLR4 in protection since
TLR2"/TLR4" mice showed higher mortality than TLR2", TLR4” and WT mice
after C. pneumoniae infection (106). Conversely, MyD88'/ " mice have also been
shown to be more resistant during the early phases of chlamydial infection, as
explained by increased bacterial replication in neutrophils recruited in a TLR-
mediated way (107). Thus, although MyD88 plays a role in the outcome of infection,
the signaling pathways activated and the precise regulation of immune responses that
MyD88 signaling mediates during chlamydial infection is still unclear.

The relevance of specific TLRs during chlamydial infections is still
questionable. Chlamydia synthesizes a modified LPS structure, with weaker
endotoxin activity than enteric LPS and chlamydial DNA shows a low CpG frequency
(108, 109). Unlike other bacteria Chlamydia is thought to lack a peptidoglycan (PGN)
layer, as it has never been detected biochemically. However, the genome encodes all
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the enzymes required for PGN synthesis, suggesting that it may produce small
amounts of PGN (110).

Several studies have addressed the role of TLR pathways in the activation of
NF-kB and MAP kinases, and the production of proinflammatory cytokines after
infection with C. preumoniae. In bone marrow-derived DC (BMDC) infected with C.
pneumoniae, TNF-a production and NF-xB activation was reported to be controlled
by TLR2 and not TLR4, but IL-12 secretion was dependent on both TLR2 and TLR4
(103). In peritoneal macrophages infected with C. pneumoniae, 1L-1p and TNF-a
secretion was MyD88- and TLR2-dependent, but independent of TLR4 (98).
Chlamydial HSP60 stimulated TLR2- and TLR4-dependent TNF-a production, and
activated MAP kinases and NF-kB in a MyD88- and TRAF6-dependent way in
macrophages (102). The precise role of TLRs and the subsequent signaling involved
in NF-xB and MAPK activation and induction of proinflammatory cytokines in
macrophages after chlamydial infection is thus controversial.

Different reports indicate or rule out the participation of TRIF-dependent
pathways in chlamydial infection. For example, MyD88™, but not TLR2”" and TLR4™"
macrophages infected with C. muridarum showed reduced levels of IFN-f3 compared
to WT controls (111). Derbigny et al. suggested that TLR3 but not TLR4, could be
implicated in the IRF3-dependent IFN-B production by C. muridarum-infected
oviduct epithelial cells (112). This implicates a potential role for a TRIF/ IRF3-
dependent pathway in the immunobiology of chlamydial infection.

TLRs and Listeria

L. monocytogenes expresses several TLR ligands, such as PGN, flagellin and bacterial
DNA. TLR signaling is involved in innate immune defense to L. monocytogenes, as
MyD88'/ “mice demonstrated higher bacterial load than WT controls during systemic
infections (113, 114). TLR2 seems to be the most important TLR in recognition of L.
monocytogenes (113, 115), however TLR2” mice are only slightly more susceptible
to 1.p. infection than WT mice (114).

Infection of macrophages with L. monocytogenes triggers distinct innate
immune receptors at different time points. First, TLR signaling independent of the
invasion of live bacteria is present, leading to expression of NF-kB-dependent genes.
After invasion IFN target genes are triggered following bacterial escape from the
phagosome. IFN-f production requires the LLO-dependent escape into the cytoplasm,
but not TLR signaling (116-121). However, it is unclear which cytosolic innate
receptors are involved in such responses.

NOD-like receptors

NLRs function as sensors of exogenous microbes and endogenous danger signals in
the cytosol (some examples of NLRs are shown in table 2). They are structurally and
functionally related to a plant disease-resistant protein family and therefore conserved
during evolution. NLRs share a common structure : (1) a C-terminal LRR domain;
which recognizes ligands, (2) a central nucleotide-binding domain (NBD), which
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regulates self-oligomerization and the activity of the NLR and (3) a N-terminal
effector domain, which is either a caspase-recruiting domain (CARD), a pyrin domain
or a baculovirus inhibitory repeat (122).

Table 2. Ligands to some studied NLRs (122-124).

RECEPTOR | LIGAND

NODI1 Muropeptide (PGN)

NOD2 Muropeptide (PGN)

Nalp3 Bacterial and viral RNA, danger signals (extracellular ATP and
K")

Ipaf Flagellin and other unknown ligand

Naip Flagellin

The effector domain is responsible for recruiting and interacting with
downstream molecules, containing the same effector domain. When a ligand binds to
the LRR domain, the NLR molecule changes confirmation, leading to an
oligomerization of the NBD. The effector domain of the NLR is then exposed and
recruits downstream adaptors or effector proteins, leading to signal transduction.
NLRs activate two major pathways leading to proinflammatory signaling: the
activation of NF-kB and the caspase-1-mediated pathways (122). Caspase-1 (also
called IL-1B-converting enzyme (ICE)), converts IL-1 and IL-18 to their active forms.
Similar to TLRs, no direct interaction has been demonstrated between the NLRs and
the ligands.

NOD

NODI1 and NOD2 detect different structures derived from PGN. The continuous
synthesis and degradation of the PGN layer in bacteria leads to release of
muropeptides. NOD1 recognizes muropeptides GIcNAc-MurNAc-L-Ala-D-Glu-
meso-diaminopimelic acid (DAP) (GM-triDAP) and GM-L-Ala-D-Glu-meso-DAP-D-
Ala (GM-tetraDAP). The minimal motif recognized by NODI is suggested to be a
dipeptide D-Glu-meso-DAP (iE-DAP) or only meso-DAP. Most Gram-negative and
some Gram-positive bacteria, such as L. monocytogenes, but not eukaryotes, possess
meso-DAP. NOD2 recognizes muramyl dipeptide, which is found in all PGNs (122,
125, 126).

Both NOD1 and NOD?2 recruit the CARD-containing receptor-interacting
protein 2 (RIP2) (also called RICK or Cardiak), resulting in the activation of the NF-
kB and MAP kinase pathways (127). RIP2 interacts with and activates IKKy, a
regulatory subunit of the IKK complex (128). NOD1 and NOD2 have an important
role in innate immunity through their ability to stimulate the secretion of pro-
inflammatory cytokines and chemokines (126, 127, 129, 130). Masumoto et al.
demonstrated that i.p. injection of the synthetic NODI-specific ligand iE-DAP
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induced an increase of chemokine levels in serum and resulted in the recruitment of
neutrophils to the site of injection (131).

However, NOD ligands by themselves trigger poor cytokine responses, but
there is evidence that NOD1 and NOD2 act in synergy with TLRs in inducing
maximal responses (132-134). Whilst RIP2 was first suggested to link NOD and TLR
signaling systems (135), recent studies have been unable to confirm that RIP2 is
involved in TLR signaling (127).

Role of NOD in bacterial infections

NODI and NOD2 are believed to play a central role in the control of immune
homeostasis and inflammation at mucosal surfaces. Mutations in NOD2 have been
implicated in the development of inflammatory bowel disease (IBD) (122). The role
of NOD as intracellular PRRs is, in fact, a paradox, since a mutation in a receptor
triggering inflammation leads to increased IBD. In intestinal epithelial cells the
expression of TLRs appears to be downregulated and/or compartmentalized which
could be necessary to avoid continuous triggering of the immune system by
commensal bacteria in the intestine (136). NOD receptors could then recognize
invading bacteria. NODI is expressed in most cells (137) but NOD2 is mainly
expressed in monocytes and intestinal epithelial cells (138).

NODI has mainly been suggested to be involved in the defense against Gram-
negative bacteria, such as Escherichia coli (139), Shigella flexneri (140), C.
pneumoniae (141) and Pseudomonas aeruginosa (142) and some Gram-positive
bacteria, such as L. monocytogenes (127, 143) in vitro. Studies in vivo suggest a role
for NOD1 and NOD?2 in gastrointestinal disease. Gram-negative Helicobacter pylori
appears to be detected by NOD1 in a non-invasive-dependent way, by injecting their
muropeptides via the type IV secretion system (144). NOD2-deficient mice are more
sensitive than WT to oral infection with L. monocytogenes, but not to i.v. and i.p.
infection, suggesting that the effect of NOD?2 is at the intestinal and not the systemic
level (145).

NOD1 and Listeria
The involvement of NODI in sensing L. monocytogenes has been argued, partly due
to the fact that products from L. monocytogenes did not stimulate NOD1 signaling
(125). However, L. monocytogenes activated p38 and NF-kB, leading to induction of
IL-8 in a NODI1-dependent manner in endothelial cells (143). RIP27 macrophages
produced decreased levels of IL-6, TNF-a and CXCL1, compared to WT controls
after infection with L. monocytogenes (127, 135, 146). RIP2”" mice infected i.v. with
L. monocytogenes showed higher titers of bacteria than WT controls in liver and
spleen five days after infection, and succumbed after eight days (147). NOD1™”
/NOD2”" mice showed slightly enhanced bacterial load in liver, but not in spleen, at
48 hours after 1.p. infection L. monocytogenes (148).

Long term responses to LPS can be deleterious to the host, but responses are
hampered by a transient state of tolerance (149). Both TLR and NOD ligands confer
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self-tolerance, but not cross-tolerance (148). Kim ef al. demonstrated that TLR-
tolerized cells still mediate protection to infection with L. monocytogenes in a NOD1 -,
NOD2- and RIP2-dependent way. This was demonstrated by the fact that NOD1™”
/NOD2”" mice pretreated with LPS or heat-killed E. coli were more susceptible to
Listeria than WT mice. However, non-treated NOD17/NOD2” mice were only
slightly more sensitive to infection than WT, indicating that TLR tolerance affects
responses to NOD ligands (148). Altogether, a protective role of NOD receptors
seems to be beyond doubt for the case of gastrointestinal infections. In the case of
systemic infections these receptors are known to synergize with TLR signaling.
Whether NOD1 and NOD2 by themselves are redundant or required for defense is not
clear and the protective mechanisms that they could activate are debated.

Other receptors

Cytoplasmic RNA can be sensed by RIG-I and MDA-5, two structurally related
cytoplasmic receptors. They activate IRF3, leading to type I IFN induction (150).
Cytosolic DNA was shown to stimulate type I IFNs in a TLR- and RIG-I/MDA-5-
independent way (146). DAI is a newly discovered cytosolic DNA sensor that can
initiate innate immune responses independently of TLRY, including IRF3-dependent
type I IFN production (151). In fact, DNA from L. monocytogenes was suggested to
stimulate synthesis of type I IFNs and IL-6, but not NF-kB and MAP kinases,
following the activation of the IRF3 pathway, but independently of TLRs and RIP2
(118, 152). IFN-f was induced independently of RIG-I and MDA-5 after L.
monocytogenes infection in macrophages (153). Thus, DAI is a candidate for
cytosolic recognition of listerial DNA.

Interferons
The IFNs are a group of secreted cytokines that elicit distinct antiviral effects. They

are grouped into three classes called type I, II and III IFNs, according to their amino
acid sequence. Type I IFNs (discovered in 1957, (154)) comprise a large group of
molecules. Mammals have multiple distinct IFN-o genes (13 in human), one to three
IFN-B genes (one in human) and other genes, such as IFN-w, -¢, -t, -8 and -k. The
IFN-a and -B genes are induced directly in response to infection, whereas IFN-w, -¢, -
T, -0 and -k play less defined roles, such as regulators of maternal recognition in
pregnancy (155). Thus, use of the term ‘type I IFN’ in this thesis refers to IFN-o/f.
Type II IFN has a single member, also called IFN-y or ‘immune IFN’, and its role and
regulation in bacterial infections is described below. Type III IFNs have been
described more recently and comprise IFN-A1, -A2 and -A3, also referred to as 1L-29,
IL-28A and IL-28B, respectively (156). These cytokines are also induced in direct
response to viral infection and appear to use the same pathway as the IFN-o/p genes
to sense viral infection (157).

Clinically, IFNs are widely studied for use in immune therapies to treat for
example cancer, multiple sclerosis and viral diseases (158). In addition to their
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dramatic effect on immune responses, they modulate cell growth and viability via
different mechanisms. In order to mediate such pleiotropic effects IFNs trigger
numerous signaling events, leading to induction of different IFN target genes. Many
of the upregulated genes in LPS-stimulated cells are part of a secondary response that
requires IFN signaling (159). Due to the crucial functions that they regulate, the
response to IFNs must be balanced and fine tuned. IFN-dependent signaling involves
members of four protein families: (1) IFN receptors; (2) the receptor-associated Janus
protein tyrosine kinases (JAKs); (3) the signal transducers and activators of
transcription (STATSs); and (4) members of the IRF family of transcription factors.

IFN-a./B

The thirteen members of IFN-a and the single form of IFN-f all signal through the
IFN-a/BR. Although the multigenic nature of IFN-a has been known for over 20 years
the significance of this is still debated, i.e. whether these genes are expressed
differentially in distinct cell types, whether they are inducible by different types of
viruses or whether they are functionally specialized (160). The antiviral state of IFN-
a/p-treated cells is characterized by inhibition of both viral replication and cell
proliferation. IFN-o/p elicit innate immune responses and promote the transition from
innate to acquired immunity, by activating macrophages, increasing cellular
cytotoxicity in NK cells, stimulation of cytokine and chemokine production,
expression of costimulatory molecules and differentiation and activation of DC. IFN-
a/p can also enhance adaptive immune responses by stimulating the promotion of Ty1
and antibody responses (161). Type I IFNs have been implicated as candidates for
vaccine adjuvants (162).

In response to viruses IFN-o/f are secreted by most cell types, of which
macrophages and plasmacytoid DC (pDC) are known to be a major source (163, 164).
Some cell types show a selective expression pattern, only inducing IFN-f or only
some subtypes of IFN-a. In addition to viral infection, poly I:C, cytokines, mitogens,
tumor cells and many microbes and microbial products can trigger IFN-o/f
production (165). However, experiments with IFN-o/BR”" mice have shown that these
cytokines can protect against or increase the susceptibility to bacterial infections. IFN-
a/BR”" mice were more susceptible than WT to infection with Group B Streptococci,
S. pneumoniae and E. coli (166). IFN-o/B-treated mice infected with S. typhimurium
demonstrated increased protection (167). However, IFN-a/BR'/ " mice were more
resistant to pulmonary and genital infection with C. muridarum and 1.v. infection with
L. monocytogenes, than WT controls (168-173).

The increased resistance in mice lacking IFN-a/f has been suggested to be
connected to the decreased cell death (117, 169, 172, 174). Carrero et al. suggested
that L. monocytogenes-induced IFN-o/f activate T cells non-specifically and increase
LLO-induced apoptosis in T cells, and they showed that lymphocytes could even be
detrimental in early stages of infection with L. monocytogenes (172, 175). Other

studies showed that L. monocytogenes infection induces death of macrophages with
necrotic features by the action of IFN-f3 (117, 118, 176). C. muridarum-infected WT
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mice showed higher level of apoptosis of pulmonary macrophages than IFN-OL/B'/'
mice, and in the absence of IFN-0/3, mice depleted of pulmonary macrophages result
in a higher bacterial load than non-depleted mice after infection with C. muridarum.
This indicates that type I IFNs promote macrophage death and inhibit macrophage
function during infection with C. muridarum, leading to increased susceptibility
(169). However, the role of apoptosis during intracellular bacterial infection is
controversial. During infection with S. pneumoniae and M. tuberculosis macrophage
function is thought to be controlled by induction of apoptosis, which can contribute to
bacterial clearance and resolution of the inflammatory response (177).

The pleiotropic roles of IFN-a/f3 in different bacterial infections could
probably be explained by different cellular tropisms of the infectious agents or
different levels of the IFN-0/p cytokines. For example, Reutterer et al. demonstrated
that two strains of L. momnocytogenes differed in their ability to trigger IFN-f
production, which determined the susceptibility to infection and cell death in
macrophages (171). Thus, different strains or species seem to elicit distinct immune
responses, determining the outcome of infection.

IFN-y

IFN-y, which signals through IFN-yR, is mostly known to activate a microbicidal state
in macrophages and is a key cytokine of Tyl responses during infection with
intracellular, non-viral pathogens, autoimmune diseases and antitumor defenses.
Whereas many intracellular bacterial pathogens will grow in the cytosol or the
phagosome of infected macrophages, incubation with IFN-y activates killing
mechanisms of macrophages that will ultimately eliminate or control the pathogen
growth. Many genes are known to be regulated by IFN-y, and most are involved
directly or indirectly in the eradication of pathogens from host cells. IFN-y increases
the production of potent antimicrobial molecules, such as superoxide radicals, nitric
oxide (NO) and hydrogen peroxide. IFN-y plays a central role in phagocytosis by
increasing the expression of Fc and complement receptors in macrophages and other
cells, B cell switching to Ig-classes involved in opsonization by macrophages and
regulation of the development of Ty-cell subsets, downregulating the generation of
Tu2 cells. IFN-y upregulates antigen presentation to T cells in both APC and pAPC
by increasing the expression of MHC I and II molecules, the antigen presentation
mechanisms and the levels of co-stimulatory molecules (178).

NK and T cells are the major sources of IFN-y. Infected macrophages secrete
IL-12, which induces NK and T cells to secrete IFN-y, in turn activating macrophages
that will secrete more IL-12 in a positive feedback loop. However, several
independent studies have shown that IFN-y can be secreted by myeloid cells including
dendritic cells and macrophages (179).

IFN-vy has a central role in limiting most experimental intracellular infections
in vivo (180). In human patients, mutations in IFN-yR result in increased
susceptibility to mycobacterial infections (181, 182). The importance of IFN-y in
chlamydial infections in vivo has been shown by enhanced growth in IFN-y” or IFN-
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yR'/' mice or with mice treated with anti-IFN-y antibodies (32, 183-186). High
concentrations of IFN-y inhibit the reproductive cycle of Chlamydia, while lower
IFN-y concentrations promote the persistent stage, which means development of
atypical, non-proliferating forms of Chlamydia that have previously been described.
IFN-y derived from both innate immune cells and T cells can play important and
complementary roles in the control of C. pneumoniae infection (34). The protective
effect of non-lymphoid IFN-y is observed 7-14 days after infection, whereas the effect
of protective T cell IFN-y is seen after 3 weeks (34). NK cells are a main source of
“innate” IFN-y, but IFN-y from NK cells was not needed for innate immune
protection in vivo (33, 34). Bone marrow-derived macrophages (BMM) secrete IFN-y
in response to C. pneumoniae and IFN-yR™ BMM show higher levels of C.
pneumoniae, confirming a role of infection-induced IFN-y in macrophages in the
control of chlamydial infection (187). Furthermore, a protective role of IFN-y
secretion by macrophages against C. pneumoniae in vivo has also been suggested
(34). IFN-y secreted by both CD4" and CD8" T cells is sufficient for protection
against infection with C. pneumoniae in vivo, and it does not require “innate” IFN-y
for its secretion. In line with this, in the absence of IFN-yR signaling T cells still
secrete IFN-y (34). However, a B and T cell-dependent IFN-y-independent protection
also plays a role in resistance to chlamydial infection, since mice lacking IFN-y or
IFN-yR, but not those lacking IFN-y or IFN-yR and RAGI1 (B and T cell-deficient)
survive when infected with C. pneumoniae (33).

IFN-y is probably the most important cytokine for controlling a primary L.
monocytogenes infection. The resistance of IFN-y'/' mice to L. monocytogenes 1is
severely impaired compared to WT mice (188). As is the case with other pathogens,
L. monocytogenes 1is also killed in IFN-y-activated macrophages, but replicates in the
cytoplasm of resting macrophages. Treatment with IFN-y prevents the escape of L.
monocytogenes from the phagosome in macrophages (189). However, IFN-y plays a
less crucial role for protection against reinfection (188). Production of IFN-y by CD4"
T cells is required for protection, while IFN-y produced by L. monocytogenes-specific
CDS8" T cells is redundant (188, 190). L. monocytogenes-infected macrophages do not
produce IFN-y (117).

JAK-STAT

Interferons transduce signals that elicit responses in target cells by involving the
signaling pathway JAK-STAT. Janus kinases (JAKs) are associated to the
intracellular part of the IFN-a/BR and IFN-yR. Upon ligand binding to these receptors
the receptors monomers are brought together and the associated JAKs are activated by
transphosphorylation. Activated JAKs also phosphorylate tyrosine residues on the
cytokine receptors, creating active docking sites for a set of transcription factors
called signal transducers and activators of transcription (STATs). When bound to the
receptors STATs are then activated by JAKs by phosphorylation, enabling them to
release from the receptor and form complexes with each other and other proteins.
These complexes are translocated into the nucleus where they bind specific DNA

21



sequences in the promoter regions of cytokine-responsive genes and activate gene
transcription. Both IFN receptors use JAK-STAT signaling to induce hundreds of
genes that can be specific or common to the type of IFN (figure 4)(191).

There are four different JAKs: Tyk2, Jakl, Jak2 and Jak3, and seven different
STATs in mammals: STAT1, STAT2, STAT3, STAT4, STATS5a, STAT5b and
STAT6. STATs possess a DNA-binding domain that directs binding to enhancers, a
SH2 domain is responsible for binding of STAT to the receptor, but also to a
phosphorylated tyrosine residue on other STATs once it is released, a tyrosine
activation domain that contains the tyrosine residue activated by JAKs and a
transactivation domain (TAD) with a serine phosphorylation site that plays a role in
regulation of transcriptional activity through the recruitment of co-activators and
histone acetylases. Whilst tyrosine phosphorylation is a prerequisite for the role of
STATI, serine phosphorylation is important for increased efficiency of the IFN
response (192, 193).

STAT1 STAT1
IRFS e I L] GAF
~| STAT2 STAT1

/ /

IRSE : GAS :

IFN-inducible genes IFN-inducible genes

Figure 4. IFN-o/B- and IFN-y-mediated STAT signaling.

Different receptors bind different types of JAKs and recruit specific STATSs,
which will form homo- or heterocomplexes. This confers the specificity of the
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responses to different cytokines. IFN-y stimulation leads primarily to the formation of
STATI1 homodimers, called GAF (IFN-y-activated site-binding transcription factor).
IFN-o/B leads to formation of a STAT1-STAT2-IRF9 heterotrimer, called ISGF-3
(IFN-stimulated gene factor-3). GAF binds to IFN-y-activated sites (GAS), while
ISGF-3 binds primarily to IFN-stimulated response elements (ISRE) (191). However,
it has been reported that both factors can be activated by both types of IFNs, and other
types of STAT complexes can be formed in response to IFN, partially explaining the
overlapping effect of both cytokines (194). Moreover, depending on the cell type
STATSs other than STAT1 and STAT2 can also be activated by IFN. Type I IFNs are
able to activate all known STATSs in different cell types (195). IFN-y can activate
STAT-1, STAT-3 and STAT-5 in different cells (196). This increases the complexity
of their responses.

STAT]I is shared by both IFN-0/BR and IFN-yR signaling pathways, in which
it has a non-redundant role. STATI is required for protection to both viral and
bacterial pathogens (197). Human patients with mutations in STATI have
demonstrated impaired responses to mycobacterial and viral infections (198, 199).
Lad et al. demonstrated that human cell lines upregulate STAT1 to control growth of
C. trachomatis (200). STAT1”" mice were more susceptible to L. monocytogenes
infection and showed reduced IFN-inducible gene expression when stimulated with
IFN-o/B or IFN-y, compared to WT (193, 197). However, studies in which IFN-a/BR”
! '/IFN-yR'/ " mice were shown to be more susceptible to viral infections than STAT1™"
mice suggest a STAT1-independent IFN signaling (201). Both IFN-o/p and IFN-y can
regulate gene expression independently of STATI (201-203). The transcription
factors involved in STAT1-independent IFN signaling remain to be identified.

The phosphatidylinositol 3'-kinase and MAP kinases can be triggered by IFN
signaling and they are also thought to be required for Ser727 phosphorylation of
STATI1. These alternative kinases stimulate STATI or other transcription factors,
such as NF-xkB and AP-1. Priming with cytokines (IFN-y, IFN-a/B, IL-6) can
positively (via receptor cross-talk or increasing levels of STAT1) or negatively (via
suppressor of cytokine signaling 1 (SOCS1)) influence the activation of STAT and
thereby the IFN response (196). SOCS1 has been shown to block tyrosine
phosphorylation sites on JAKs (204).

Regulation of IFN-y expression

IFN-y expression is thought to be regulated primarily by the transcription factors
NFAT, AP-1, NF-kB, STAT4 and T-bet (205). STAT4 is the main transcription factor
for IL-12 signaling. However, studies suggest that IL-12 is not absolutely required for
IFN-y expression. In NK and T cells, the production of IFN-y has been demonstrated
to be enhanced by IFN-o/f, IL-18 and IFN-y itself. Production of IFN-y can also be
promoted by IL-15 and IL-2 in NK cells and IL-27 in T cells (206). The signals and
pathways that cause IFN-y production by macrophages are poorly understood.
Macrophages stimulated with live bacteria, LPS, IL-12, a combination of IL-12 and
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IL-18 or IFN-y itself can themselves produce IFN-y (179). Thus, IFN-y seems to act
in an autocrine positive feedback loop to facilitate its own expression.

Nguyen et al. suggested that IFN-a/f3 was involved in IFN-y production by
activating STAT4, which was needed for virus-induced IFN-y in splenocytes (207).
STAT4-dependent induction of IFN-y in splenocytes by IFN-o/f in synergy with IL-
18 was found to be crucial for the IFN-y response to bacteria (208). IFN-a/f signaling
also seem to be required for the IFN-y-mediated response, since IFN-y-mediated
antiviral activity is weaker in IFN-o/BR” murine embryonic fibroblasts (MEF) than
WT cells (209) and the IFN-o/BR has been suggested to provide a docking site
required for effective STATI dimerization in the cross-talk between IFN-o/p and
IFN-y signaling (210). IFN-o/B have also been proposed to induce IFN-y in an IL-15-
mediated way, since IL-15 expression depends on IFN-o/BR (211) and IL-15-treated
macrophages can secrete IFN-y (212). However, the role of IFN-o/f in IFN-y
expression is still controversial. IFN-a/f have been reported to inhibit IFN-y
expression in splenocytes in a mechanism dependent on IFN-o/BR and STAT1 (213).
This unexpected heterogeneity of the effects of IFN-o/p could explain why IFN-o/B
can have both protective and counter-protective functions during different infectious
diseases. In the infection with C. pneumoniae, human peripheral blood mononuclear
cells secreted IFN-y 48 hours after stimulation in an IL-12-, IL-18- and IL-1B-
dependent manner (98). However, IFN-y secretion in BMM infected with C.
pneumoniae was found to be dependent on IFN-o/B, but independent of IL-12 (187).
Whether STAT1 is involved in the IFN-o/B-mediated IFN-y induction in C.
pneumoniae-infected BMM is still unknown. It is neither known which pathways are
involved in IFN-o/p and IFN-y induction in response to infection of BMM with C.
pneumoniae (figure 5). In contrast to in vitro results in macrophages IFN-y expression
is mediated by IL-12 during the infection with C. pneumoniae in vivo, but 1L-12-
independent IFN-y-induced protection can also be observed (33).
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Figure 5. IFN-o/pB-mediated iNOS and IFN-y is induced in C. pneumoniae-infected BMM
and participates in the control of bacterial growth (187).

NF-kB-binding elements have been found on the IFN-y promoter (214, 215).
Furthermore, NF-kB activation has been suggested to upregulate IFN-yR expression,
which renders the cell more sensitive to IFN, requiring less IFN-y for gene activation
(216). Furthermore, regulatory elements of the IFN-f gene contain binding sites for
NF-kB (217) and cells with attenuated NF-kB activity fail to induce early IFN- after
LPS stimulation (218). Thus, NF-kB seems to be involved in the regulation of IFN
production.

Interferon regulatory factors
IRFs are a family of nine transcription factors that were first described to be involved
in the induction of IFN-a/B genes and the response to IFNs. IRF members have later
been shown to play central roles in the regulation of gene expression in response to
pathogen-derived danger signals, in the cellular differentiation of hematopoietic cells
and in the regulation of the cell cycle and apoptosis (219).

IRF3 and IRF7 have critical roles in the transcription of IFN-o/p genes (220,
221). IRF3 is expressed constitutively and resides in the cytosol. It is known to be
activated in the signaling pathways of TLR3, TLR4, RIG-I/MDAS5 and the recently
discovered DAI. Activation occurs through phosphorylation on serine residues by
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TBK1 and IKK-i, forming an IRF3 homodimer or a heterodimer with IRF7 (219). The
dimer translocates to the nucleus where it associates with NF-xB and AP-1 to form an
enhanceosome, which is recruited to interferon regulatory elements (219). IRF3
induces an early wave of IFN-independent induction of IFN-f and in some cell types
IFN-04 (222). For example, LPS stimulation of peritoneal macrophages results in
IRF3 activation and synthesis of IFN-B and IFN-04 (223). IFN- will activate the
expression of a number of IFN-inducible genes, including IRF7, which is essential for
expression of other subtypes than IFN-a (222, 224). In contrast to IRF3 the
transcription of IRF7 needs to be induced. However, similar to IRF3 the activation of
IRF7 occurs via phosphorylation by the kinases TBK1 and IKK-i (86). Once induced
and activated IRF7 translocates into the nucleus and in turn activates the promoters
for both IFN-0/p genes in an autocrine positive loop, that can occur independently of
IRF3 (figure 6)(225, 226). IFN-o/f mRNA expression reaches the levels of WT
controls in IRF3” mice infected with selected viruses (225), and IRF7” mice are
more vulnerable to viral infection than WT and IRF3”" mice (226).

IFN-o/BR
Bacteria
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Figure 6. IRF3- and IRF7-mediated IFN-a/p pathway.
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Macrophages infected with L. monocytogenes produce an early wave of IFN-f
and a second wave of subtypes of IFN-a. IRF3 is activated in L. monocytogenes-
infected macrophages, leading to IFN-B mRNA expression and type I IFN signal
transduction (117). L. monocytogenes-induced cell death was shown to be abolished
in IRF3™" macrophages, but IFN-f3 treatment could restore the sensitivity to cell death
(118). IFN-B production after L. monocytogenes infection in BMM is independent of
TLR, NODI1, NOD2 and RIP2 signaling (118, 130, 152). In line with this, NOD1 and
NOD?2 ligands do not trigger IFN-3 expression in vitro (130). Following the infection
with C. muridarum TFN-B production was reduced in TBK” MEF and in oviduct
epithelial cells transfected with IRF3-specific siRNA, compared to WT or untreated
controls (111, 112). Thus, IRF3 has a role in the production of type I IFNs during
listerial and chlamydial infections.

IRF7 activation has been shown in pDC that express TLR9 and TLR7 but not
TLR4 (164). After stimulation with CpG IRF7 is activated at an early stage, leading to
high levels of IFN-a expression in pDC. IRF7 forms a complex with MyD88, TRAF6
and IRAK4 (figure 7)(226-228). IRF7 is thus suggested to have a role in bacterial
induction of IFN-a in both MyD88-dependent and MyD88-independent TLR
signaling pathways (224, 226).
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Figure 7. MyD88-dependent TLR9 signaling, leading to NF-kB and IRF7 activation.

Interferon-mediated effector mechanisms

The different signaling pathways of IFN-yR lead to induction of possibly more than
1000 inducible genes. They encode host proteins with a long-recognized antimicrobial
activity, notably inducible nitric oxide synthase (iNOS), phagocyte oxidase (NADPH
oxidase), the natural resistance-associated macrophage protein 1 (NRAMP1) and the
tryptophan catalysing enzyme indoleamine 2,3-deoxygenase (IDO) and two families
of small GTPases, the immunity-related GTPases (also termed p47 GTPases) and the
p65 guanylate-binding proteins (p65 GBPs) (229). NADPH oxidase catalyzes a
respiratory burst in macrophages and granulocytes through the production of O,
INOS produces nitric oxide (NO), another radical with anti-microbial activities. IFN-y
is over 100,000-fold more potent in aiding the oxidative burst of human mononuclear
phagocytes than, for example, other macrophage-activating cytokines like TNF-a or
type I IFNs (229). IDO limits tryptophan availability, which is essential for
chlamydial survival and growth since it is not produced by the bacteria, by converting
tryptophan to kynurenin. The p47 GTPase LRG-47 is thought to regulate maturation
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of vacuoles, leading to acidification and fusion with lysosomes. It is also thought to
regulate autophagy, resulting in elimination of bacteria (230, 231).

IFN-y-mediated resistance to C. pneumoniae is at least partially linked to
INOS. iNOS is induced in C. pneumoniae-infected WT mice, and iNOS™ mice have
been observed to be more susceptible to C. pneumoniae infection than WT, but less
than IFN-yR™" mice (32, 33). NO production is involved in the control of infection of
BMM with C. pneumoniae and it has been shown to be dependent on IFN-o/f (figure
5)(187). IFN-y produced by innate cells was found to be necessary for the expression
of iNOS, NADPH oxidase and IDO during C. preumoniae infection in vivo (33).
IDO” and WT mice have been demonstrated to have same susceptibility to C.
muridarum and C. trachomatis genital infection (232), but the roles of IDO and
NADPH in C. pneumoniae infections should be investigated in knockout mice.
NADPH oxidase and iNOS have shown to contribute to clearance of L.
monocytogenes in vivo (233, 234). LRG47 is required for host resistance to L.
monocytogenes and M. tuberculosis in vivo (230, 235). Two studies have shown a role
for p47 GTPases in chlamydial growth control in vitro (232, 236). p47 GTPases were
suggested to limit lipid trafficking from Golgi to the inclusions of infecting C.
trachomatis (232). However, in the infection of epithelial cells with C. trachomatis,
LRG-47 mRNA was induced but a screen using siRNA ruled out a non-redundant role
for LRG-47 in the IFN-y-mediated response (232).

The role for these effector mechanisms in humans is still debated. Mutations
in NADPH oxidase cause a serious genetic disease called chronic granulomatous
disease, characterized by susceptibility mostly to pyogenic bacteria, such as S. aureus,
but also some intracellular bacteria (237). Alveolar macrophages from patients with
tuberculosis express iNOS (238), and in vitro killing by NO has been demonstrated in
human macrophages infected with Mycobacterium avium (239). However, Roshick et
al. demonstrated that many human cell lines infected with C. frachomatis did not
express iINOS, and IDO was only expressed after IFN-y stimulation. IDO seems to be
the main mechanism against chlamydial growth in human epithelial cells (240).
Interestingly, murine cells infected with C. muridarum expressed iNOS, but not IDO
mRNA. The human pathogen C. ftrachomatis has probably adapted to survive
tryptophan starvation by human cells, by developing a tryptophan synthase, whereas
C. muridarum has not evolved this ability probably due to the lack of IDO expression
in murine cells (232). The putative human LRG-47 homolog IRGM could limit
mycobacterial infection in human macrophages, suggesting a role for p47 GTPases in
humans (231). Thus, in the infection with L. monocytogenes it is clear that these
mechanisms are required for protection, but how IFN-y protects against infection with
C. pneumoniae requires further investigation.

Serine/threonine kinase protein R (PKR) and 2’°, 5’-oligoadenylate synthetase
(OAS) are considered intracellular PRRs, as they recognize dsRNA in the cytoplasm.
They are also known to be upregulated by IFN-o/f and participate in antiviral
defense. PKR phosphorylates the initiation factor 2 (elF-2a) and inhibits eukaryotic
gene translation and thereby viral infections. PKR also sensitizes cells to apoptosis.
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Furthermore, PKR is a component of the IKK complex and is thought to be required
for the efficient activation of NF-kB. p38 and JNK are also regulated by PKR. The
OAS pathway can inhibit viral replication through polymerization of ATP into 2°, 5°-
oligomers of adenosine, which in turn activate the endonuclease RNAase L (241,
242). The importance of PKR and OAS has mostly been described in viral infections
and their roles in intracellular bacterial infections are not clear.
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AIMS

The general aims
- to investigate the innate immune signaling pathways leading to IFN-
a/f and IFN-y expression and control of bacterial growth during infection

with C. pneumoniae in BMM.

- to understand the role of STATI in resistance to C. pneumoniae infection in
VIvo.

- to study the role of NODI in different cell populations and in the protection
following infection with L. monocytogenes in vivo.

The specific aims

In the infection of BMM with C. preumoniae

1. Which TLRs are required in sensing C. preumoniae and for the production of
protective IFN-a/B-dependent IFN-y?
Does this occur in a MyD88-dependent or -independent manner?
What is the role of IRAK4 in defense and in IFN-o/p and IFN-y production?

2. How does IFN-a/fB control the secretion of IFN-y during infection with C.
pneumoniae?
3. What role does the transcription factor NF-kB play in protection against C.

pneumoniae and in IFN-y expression?
Which innate receptors and intracellular molecules are needed for NF-kB
activation during the infection with C. pneumoniae?

4. What role does IRF3 play in secretion of IFN-a and IFN-y and in protection
during chlamydial infection?
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During infection with C. pneumoniae

What is the role of STATI signaling in protection against infection with C.
pneumoniae in vivo?
Is STATI phosphorylation dependent on both IFN-yR and IFN-a/BR?

What is the role of IFN-o/p signaling in the expression of IFN-y and the
protection against infection with C. pneumoniae in vivo?

What role does STATI1 have in T cell-mediated IFN-y expression and
protection against chlamydial infection?

Which cells mediate STAT1-dependent protection against infection with C.
pneumoniae in vivo?

In the infection with L. monocytogenes

32

What is the role of NODI in intraperitoneal and snout infection with L.
monocytogenes'?

Is NODI1 involved in resistance against re-infection?

Is NODI involved in triggering adaptive responses and the recruitment of
inflammatory cells after L. monocytogenes infection?

Which cellular populations mediate NODI1-dependent protection in the
systemic infection with L. monocytogenes?

What is the role of NODI in different cell populations?

Is NODI important in the elimination of L. monocytogenes in IFN-y-activated
macrophages?

What genes are regulated by NOD1 in cells infected by L. monocytogenes?



RESULTS AND DISCUSSION

Paper I & II — Studies with C. pneumoniae-infected BMM

Recognition of C. pneumoniae by TLR4 is essential for IFN-y expression in a
MyD88- and IRAK4-dependent way (Paper I & II)

When the cell first encounters the bacteria it triggers a response leading to innate
immune responses. The cell recognizes surface molecules of pathogens by means of
PRRs, such as the TLRs. Other studies have shown that C. pneumoniae activates an
immune response in a TLR2- and TLR4-dependent way (98-104), but more details on
innate activation and especially the induction of IFN-y need to be further studied.
IFN-y was reported to be essential for protection against C. pneumoniae infection
both in vitro in BMM and in vivo (32, 187). In C. pneumoniae-infected BMM, the
levels of IFN-y mRNA or protein were independent of IL-12, but required IFN-o/pR
signaling. We investigated if different TLRs were essential for the C. pneumoniae-
induced response and the consequent downstream signaling leading to IFN-y
expression and control of infection in BMM. TLR2, TLR4, TLR6 and TLR9 are
candidates for recognition of C. pneumoniae and we therefore investigated their role
in C. pneumoniae infection in BMM. TLR2"", TLR4”, TLR6" and TLR9" BMM
were infected with C. prneumoniae. Only TLR4” BMM showed higher levels of
intracellular bacteria compared to the WT BMM. In addition to the increased bacterial
load, mRNA levels of IFN-a and IFN-y in TLR4” BMM after infection with C.
pneumoniae were decreased compared to the WT BMM, suggesting that TLR4
controls IFN-a and IFN-y expression. Thus, we found that TLR4 is crucial in
protection to infection with C. pneumoniae in BMM (Paper I).

Next, we studied the signaling downstream of TLR4 in the control of infection
and in IFN-o/B-mediated IFN-y induction in BMM, infected with C. pneumoniae.
TLR4 signals at least partially via MyD88 (70). MyD88”- BMM showed higher levels
of C. pneumoniae compared to the WT controls. In accordance, MyD88 has been
reported to be essential in the infection with C. pneumoniae in vivo (97). TLR ligands
are known to induce IFN-a expression via TRIF or MyD88 (223, 243, 244). MyD88'/ i
BMM showed reduced mRNA levels of IFN-o and IFN-y compared to the WT
control. In line with this, Nagarajan et al. have shown that peritoneal macrophages
infected with C. muridarum induced IFN-f in a MyD88-dependent way (111).
However, Derbigny et al. have reported that TRIF, but not MyD88 signalling is
implicated in the IRF3-dependent IFN-B production by C. muridarum-infected
oviduct epithelial cells (112), indicating differences in IFN signaling between
different cellular populations or among infections with different chlamydial species.
MyD88 also mediates signaling downstream of IL-1R and IL-18R. To ensure that
differences between MyD88" and WT BMM were linked to TLR signaling, ICE™

33



BMM were infected with C. pneumoniae. The IL1-f-converting enzyme (ICE) also
called caspase 1, cleaves the inactive precursors from IL1-f and IL-18 to their
biologically active proinflammatory forms. The ICE” and WT BMM showed similar
levels of C. pneumoniae and levels of IFN-y mRNA after infection. The higher
bacterial load in MyD88”~ BMM was therefore caused by defects in TLR signaling.
We showed here that during infection of BMM with C. pneumoniae, TLR signaling-
mediated MyDS88 is required for IFN-a secretion (Paper I).

The kinase IRAK4 is required for TLR4 signaling (74, 75). IRAK4 was shown
to be required for secretion of IFN-y and proinflammatory cytokines in LPS-
stimulated DC. IRAK4™ macrophages showed diminished levels of IFN-f mRNA
after LPS treatment (75). In line with the results obtained using MyD88”~ BMM,
IRAK4" BMM contained higher levels of C. pneumoniae than the WT controls.
Levels of IFN-a, IFN-B and IFN-y mRNA and IFN-y protein were diminished in
IRAK4” BMM in comparison to WT BMM, indicating that IRAK4 is required for
full expression of IFN genes and control of bacterial growth (Paper II). Thus, we
demonstrated that IFN-a-mediated IFN-y expression and control of bacterial growth
in C. pneumoniae-infected BMM is dependent on TLR4, MyD88 and IRAK4.

Further investigations are required to understand the mechanisms responsible
for the protective action of IFN-yin BMM infected with C. pneumoniae. As
mentioned before, iNOS participates in the control of bacterial load, but the
accumulation of iNOS mRNA and NO protection in BMM was dependent on IFN-
a/f and not IFN-y.

IFN-0/BR-dependent STAT1 signaling is necessary for protective IFN-y
expression (Paper I)

STATI1 is required for both IFN-o/BR and IFN-yR signaling (197) but STATI-
independent IFN signaling has also been reported (201). We studied the role of
STATI in the control of macrophage infection with C. preumoniae. STAT1”" BMM
and lung fibroblasts had higher levels of C. pneumoniae and expressed lower IFN-y
mRNA titers during the infection with C. pneumoniae than the WT controls. We then
investigated the role of IFN-o/BR and IFN-yR in the activation of STATI. STATI1
activation was measured by analyzing the Tyr701 phosphorylation of STATI
(pSTAT). STAT1 was shown to be phosphorylated only after infection with C.
pneumoniae in WT BMM. We showed that in the absence of IFN-a/BR, STATI1
activation is completely abolished. pSTATI levels were decreased in infected IFN-
yR'/' BMM compared to the WT control, suggesting that IFN-y played a role in
STATI activation, but in the absence of IFN-y signaling STATI1 was still activated.
Thus, IFN-o/BR-dependent STAT1 signaling in BMM 1is necessary for induction of
IFN-y and control of bacterial growth in C. pneumoniae infected BMM. In line with
our findings, it has been shown that STAT1 can bind to the IFN-y promoter (245).
However, our finding is in contrast to other studies, which suggest that STAT4
mediates IFN-o/B-stimulated IFN-y induction (207, 208), and Nguyen ef al. found that

34



STATI can even act as a negative regulator and absence of STAT1 results in higher
IFN-y levels after viral infection or stimulation with IFN-a/B (213). These studies
focused on the regulation of IFN-y synthesis in lymphoid populations, which might
explain the different signaling mechanisms for IFN-y expression.

IFN-0/B have also been proposed to induce IFN-y in an IL-15-mediated way
(211, 212). IL-15 i1s a cytokine with structural similarity to IL-2, but in contrast to IL-
2, which is mainly secreted by T cells, IL-15 is secreted by mononuclear phagocytes.
We studied the role of IL-15 in the induction of IFN-y and protection of bacterial
growth. IL-15 mRNA expression was observed in WT BMM, was absent in IFN-
o/BR” and STAT1”" BMM and was somewhat reduced in IFN-yR”~ BMM after C.
pneumoniae infection. IL-15 signals through y.R. Signaling by y.R was required for
bacterial control and expression of IFN-y, but not IFN-a mRNA. Thus, IL-15 is
involved downstream of IFN-o/BR in the induction of IFN-y mRNA and chlamydial
growth control.

As described in the introduction, PKR mediates IFN-o/B-dependent antiviral
effects and signal transduction in the proinflammatory cytokine response (241). PKR
mRNA induction was IFN-o/BR- and STATI-dependent in C. pneumoniae-infected
BMM. We used the specific inhibitor 2-aminopurine (2-AP) to block PKR.
Treatment of BMM with 2-AP demonstrated that PKR has no effect on bacterial
growth in the absence of IFN-o/BR but it is required for control of infection and intact
IFN-vy, but not IFN-oo mRNA levels in WT BMM infected with C. pneumoniae. This
suggests that C. pneumoniae activates PKR in an IFN-0/BR-dependent manner and
that it plays a role in protection through mediating IFN-y expression.

In conclusion, BMM controls C. pneumoniae load by secreting IFN-y. IFN-y is
expressed in a TLR4-MyD88-IRAK4-IFN-o/B-STAT1-dependent way. PKR and y.R
signaling participate in downstream of IFN-a/BR in the C. pneumoniae infection-
induced IFN-y expression, leading to bacterial growth control. Whether the PKR and
IL-15 effects act in parallel or require synergy for their action is not known.

TRAF6-mediated NF-kB activation is necessary for protective IFN-y (Paper I &
10}

MyD88 forms a complex with IRAK4, which in turn induces ubiquitination of
TRAF6. Oddly enough, ubiquitination of TRAF6 does not result in its targeting into
and degradation in the proteosome, but instead is often associated with the activation
of signaling molecules. Ubiquitinated TRAF6 may recruit ubiquitin-binding adapter
proteins including TAK1-binding proteins that bind to TAK1, which in turn indirectly
activate NF-xB, leading to induction of proinflammatory cytokines (246). Both
MyD88- and IRAK4-deficient mice are resistant to septic shock, and cells from these
mice show delayed NF-kB activation and no proinflammatory cytokine production
after stimulation with TLR ligands (73-75, 247).

We studied the role of NF-kB regulation in control of chlamydial infection.
NF-kB activation can be measured by analyzing the phosphorylation of IkB-a (pIkB).
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Unless phosphorylated, IkB-a forms a complex with NF-xB and inhibits NF-kB
translocation to the nucleus. NF-kB activation has been detected after infection with
C. pneumoniae in macrophages, DC and epithelial cells (100, 103, 248). We
confirmed that NF-«B is activated (pIxB is increased) after infecting BMM with C.
pneumoniae. Thereafter we investigated the role of NF-«kB in the expression of [FN-a
and IFN-y, and control of infection in BMM, by using BAY 11-7082, an IxB kinase
inhibitor. We found that resistance against C. pneumoniae infection was impaired and
mRNA levels of IFN-y and NF-kB-dependent proinflammatory cytokines IL-1c, IL-6
and TNF-a were decreased in BAY treated cells, compared to the non-treated
controls. However, IFN-o mRNA levels were not reduced in comparison with the
untreated controls. This suggests that NF-kB is required for IFN-y expression and
infection growth control (Paper I). In support of this observation, NF-kB-binding
elements have been found on the IFN-y promoter (214, 215).

NF-kB can be activated via MyD88-dependent and MyD88-independent
pathways. For example, upon LPS stimulation a TRIF-dependent delayed NF-xB
activation occurs in MyD88'/' macrophages (83). However, in the response to other
TLR ligands, such as peptidoglycan, lipoprotein or CpG DNA, there is no NF-xB
activation in MyD88'/ " macrophages (118). TLR4™ macrophages show no activation
of NF-«B after incubation with LPS (249).

We investigated the regulation of NF-«kB activation after infection with C.
pneumoniae. Surprisingly, there was no difference in the phosphorylation of IkB-a
between TLR4™, MyD88™, IRAK4™", IRF3", IFN-B”" and WT BMM during the
infection with C. pneumoniae. Furthermore, levels of IL-1a, IL-6 and TNF-a were
similar in C. pneumoniae-infected TLR4™", MyD88"~ and WT BMM. IRAK4"~ BMM
showed similar levels of IL-1p and IL-6 mRNA, IL-6 protein and NF-kB DNA-
binding ability, as compared to WT. Furthermore, IRF3™", IFN-B”" and WT BMM also
showed similar levels of IL-1p and IL-6 mRNA expression. We also studied the role
of IFN-o/B-dependent PKR-mediated signal transduction, leading to NF-xB
activation. Neither inhibition of PKR, nor deficiency of IFN-o/fR” in C.
pneumoniae-infected BMM had an impact on the NF-xB activation, as compared to
the WT (Paper I & II). Together, this suggests that bacterial recognition by TLR4 and
signaling by MyD88, IRAK4, IRF3, IFN-f, IFN-o/BR and PKR are redundant in the
activation of NF-xB during the infection of BMM with C. pneumoniae. In line with
this, proinflammatory cytokine production in BMDC and peritoneal macrophages
infected with C. pneumoniae is independent of TLR4 (98, 103).

TRAF6 seems to be involved both in MyD88-dependent and MyD88-
independent NF-kB activation after TLR4-stimulation in MEF, as NF-kB activation
was shown to be completely abolished after LPS stimulation (250). However, in
spleen macrophages TRAF6 was required for early NF-xB activation and secretion of
proinflammatory cytokines (77). Furthermore, both TLR-dependent and -independent
signals converge to TRAF6 (80). Activation of TRAF6 can be mediated by TRIF,
MyD88, NOD1 and TNFR signaling (80, 251, 252). We next studied the role of
TRAF6 in activation of NF-xB after infection with C. pneumoniae. TRAF6 is
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essential for peri- and postnatal survival (76), and therefore no TRAF6” BMM could
be obtained. Due to this we instead isolated MEF and used them to examine the
regulation of NF-kB after C. pneumoniae infection. C. pneumoniae-infected MEF
showed high levels of proinflammatory cytokine mRNA and protein, and
phosphorylation of IkB-a. Also, TRAF6” MEF demonstrated impaired
phosphorylation of IkB-a and nuclear translocation of NF-kB and reduced levels of
IL-1pB, IL-6 and TNF-ao mRNA and IL-6 protein in comparison to the WT controls.
Low levels of IFN-B, IFN-a and IFN-y mRNA were expressed in MEF infected with
C. pneumoniae. However, no difference in IFN-f mRNA accumulation was found
between TRAF6” and WT MEF (Paper II). Thus, we demonstrate that TRAF6 is
required for NF-«B activation in C. pneumoniae-infected MEF. TRAF®6 is probably a
converging point for different innate signaling pathways leading to NF-«xB activation,
but TLR4, MyD88, IRAK4, IFN-0/BR and PKR are redundant in NF-«B activation
and induction of proinflammatory genes after infection with C. preumoniae. Whether
these molecules mediate the control of infection with C. pneumoniae via activation of
MAP kinases is unknown. Furthermore, the relevance of TRIF and TNFR signaling
pathways in the outcome of chlamydial infection is still unclear.

It 1s unlikely that TLR1, TLR2, TLR6 and TLR9Y are required for the induction
of proinflammatory cytokines in C. pneumoniae-infected BMM, since we showed that
MyD88 was redundant in the induction of proinflammatory cytokines. However,
TLR2 has been suggested to have a role in the secretion of proinflammatory cytokines
in BMDC and peritoneal macrophages infected with C. pneumoniae (98, 103). In our
experimental model the redundancy of TLR4 and MyDS88 signaling in C.
pneumoniae-induced NF-kB activation in BMM implicates a TLR-independent
sensing and signaling pathway. Other PRRs, such as the NOD proteins, could be
candidates. NOD1 and NOD2 were in fact suggested to mediate NF-kB activation by
C. pneumoniae in HEK293 cells (141).

In conclusion, we show that C. prneumoniae can induce TLR4- and MyD88-
dependent and independent pathways and that these pathways are needed and
complementary for IFN-y induction and protection in BMM (figure 8).
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Figure 8. IFN-a is induced in a TLR4-MyD88-IRAK4-dependent way in BMM infected with
C. pneumoniae. In turn IFN-o/B-dependent, STAT1-mediated IFN-y protects against bacterial
growth. TRAF6-mediated NF-«B activation is independent of TLR4-MyD88-dependent IFN-
o/p signaling, but critical to IFN-y release in the infection of BMM with C. pneumoniae
(Adapted from paper I).

IRF3 is redundant in protection against infection with C. pneumoniae in BMM
(Paper II)

The role of IRF3 in protection and regulation of IFN-a and IFN-y expression was then
studied in BMM infected with C. pneumoniae. C. trachomatis has been shown to
induce translocation of IRF3 into the nucleus (111). We used phosphorylation of IRF3
(pIRF3) as a measurement of activation, since it is needed for nuclear translocation.
Surprisingly, we found similar levels of phosphorylation in both non-infected and C.
pneumoniae-infected WT BMM. Levels of pIRF3 were similar in IRAK4™” and WT
BMM, even though IRAK4" BMM express reduced levels of IFN-a and IFN-y
mRNA, as described before. In accordance, IRAK4 was dispensable for IRF3
activation in macrophages after LPS stimulation (75). IFN-a and IFN-y mRNA levels
in IRF3” and WT BMM were similar. A similar bacterial load was also seen in
IRF3” and WT BMM after infection with C. pneumoniae. In line with our results,
IRF3” MEF have been shown to have a normal IFN-mediated antiviral response to
vesicular stomatitis virus and HSV (224, 226, 253). The lack of IRF3 activation
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further questions its role in BMM after C. pneumoniae infection. We showed earlier
that MyD88-independent signaling was not sufficient for enhanced IFN-a mRNA
accumulation in BMM infected with C. pneumoniae. In agreement with this, we
showed that IRF3 was not required for IFN-a and IFN-y induction following infection
with C. pneumoniae in BMM, and hence further ruled out a pivotal role for TRIF-
dependent IFN induction.

IFN-B turns on IFN-inducible genes, including IRF7, leading to second wave
of induction of IFN-B and many IFN-a subtypes. IRF7 has also been implicated in
MyD88-dependent IFN-a/p expression in TLRY signaling (227, 228). In the absence
of IRF3, IFN-o/p induction is thought to be dependent of presence of constitutive
levels of IFN-B and expression of IRF7 (253). For example, both IFN-a and IRF7
induction depend on IFN-o/BR signaling in response to CpG in BMDC (243), and in
IFN-B'/' fibroblasts, constitutive IFN-oo mRNA is hardly detectable (210). We then
studied the requirement for IFN-B in IFN-o mRNA expression and control of
infection of BMM with C. pneumoniae. Interestingly, we demonstrated that IFN-B'/ i
BMM show reduced expression of IFN-a and IFN-y mRNA, and higher loads of C.
pneumoniae, in comparison to WT. IRF7 mRNA expression was slightly reduced in
IFN-B'/' BMM as compared to WT. Thus, the presence of IFN-B was required for
IFN-a and IRF7. We hypothesized that C. pneumoniae infection in BMM will
activate IRF7 in a MyD88-IRAK4-dependent manner, resulting in a second wave of
IFN-a expression. The presence of IFN-f probably explains the normal levels of IFN-
a expression seen in the absence of IRF3 in BMM infected with C. pneumoniae.

In conclusion, IFN-B, but not IRF3, is required for IFN-oa and IFN-y mRNA
expression, and the control of C. pneumoniae infection of BMM. We suggest that C.
pneumoniae infection triggers a MyD88-IRAK4-dependent induction of IFN-a and
IFN-B. The presence of IFN-f is needed for C. pneumoniae-induced IFN-a, probably
through the activation of IRF7. The details on the role of IRF7 in IFN-a expression
after chlamydial infection needs to be further studied. Infection with C. pneumoniae
activated NF-kB in a TRAF6-dependent manner. We hypothesize that MyD88-
IRAK4, TRIF and possibly other pathways lead to NF-kB activation (figure 9).
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Figure 9. Molecular pathways controlling macrophage secretion of IFN-y after infection with
C. pneumoniae. Infection induces MyD88-IRAK4-dependent IFN-f3 and IFN-a production.
IFN-B controls infection with C. preumoniae in BMM and regulates IFN-a, IFN-y and IRF7
expression. IFN-f is suggested to control IRF7-mediated IFN-a, and in turn IFN-y, but the
role of IRF7 needs to be further elucidated. IRF3 is redundant in the induction of IFN-a and
IFN-y expression, and in the protection against intracellular infection. Infection with C.
pneumoniae also activates NF-kB in a TRAF6-dependent manner. We hypothesize that
several pathways contribute to NF-kB activation and conclude that NF-xB and IFN-a play a

role in C. pneumoniae-induced IFN-y expression (Adapted from paper II).

Paper III — Role of STAT1 and IFNSs in the outcome of C.
pneumoniae infection in vivo.

IFN-0/BR- and IFN-yR-mediated STAT1 activation is crucial for protection
against infection with C. pneumoniae in vivo

We demonstrated in paper I that IFN-a/BR-dependent STATI1 signaling is

necessary for IFN-y expression and bacterial growth control in infected BMM. In this
study, we investigated whether IFN-y regulation during in vivo infection and in
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macrophages was similar. First, we confirmed the protective role of IFN-y by
infecting IFN-y” and IFN-yR”" mice, which showed higher levels of C. pneumoniae
than the WT mice. We then addressed the role of STATI in infection of mice with C.
pneumoniae. STAT1” mice infected intranasally with C. pneumoniae showed even
higher susceptibility and mortality than IFN-yR or IFN-y knockout mouse strains.
Thus, STAT1 is important for control of infection with C. pneumoniae in vivo. In
vitro STAT] activation by C. pneumoniae was strictly regulated by IFN-o/BR. We
studied the role of IFN-o/BR and IFN-yR in the activation of STATI in vivo, by
analyzing levels of pSTAT]1 in lysates of lung tissue and lung mononuclear cells from
IFN-o/BR™, IFN-yR”" and IFN-o/BR’/IFN-yR”" mice. In contrast to the BMM
infection, STATI1 activation was only abolished in the absence of both IFN-a/BR and
IFN-yR. Interestingly, IFN-o/p and IFN-y are required for the optimal expression of
total STAT1 as well. The effects of crosstalk between IFN-a/fR and IFN-yR
signaling on STAT1 activation are well documented. For example, cells pretreated
with IFN-o/pB show an increased response to IFN-y and vice versa (254). We suggest
that IFN-o/ff and IFN-y cooperate in control of STATI1 phosphorylation and
expression in vivo. STATI can be phosphorylated at Ser727, but the role and the
regulation of serine phosphorylation during C. pneumoniae infection are not known.
In conclusion, we show that STAT1 is essential for resistance to intranasal infection
of mice with C. pneumoniae, and IFN-a/BR and IFN-yR signaling cooperate in
STATI1 activation, but are individually redundant. STATI1 signaling can also be
negatively regulated by for example SOCSI. Later studies have shown that C.
pneumoniae induces a STAT1-, IFN-a/p-dependent and IFN-y-independent SOCSI1
production in mice, which controls infection-induced lethal inflammatory disease, but
impairs the bacterial control (255).

IFN-a/p protects against intranasal chlamydial infection

We investigated the role of IFN-a/B in the outcome of intranasal infection with C.
pneumoniae. Surprisingly, we found that IFN-a mRNA levels in lung lysates were
not increased after infection and no IFN-a/f could be detected in serum. Furthermore,
IFN-o/BR”" mice showed no enhanced bacterial load in the lungs after infection with
C. pneumoniae, compared to WT. Thus, IFN-o/f signaling was redundant in mice
infected with C. pneumoniae. The role of IFN-o/p in protection against bacterial
infection is controversial and poorly documented. IFN-a/BR'/ “mice demonstrated less
resistance to streptococcal infection (166), but more resistance to infection with C.
muridarum and L. monocytogenes than the WT controls (168-173).

We studied the impact of IFN-a/B deficiency on the expression of IFN-y and
IFN-y-inducible genes. In lungs from infected IFN-o/BR”" and WT mice mRNA levels
of IFN-y, iNOS, IL-12p40 and IL-12RB1 were similar. This was in contrast to with
the previous studies in C. pneumoniae-infected BMM, which demonstrated that IFN-
o/BR was required for IFN-y and iNOS expression levels (187). During viral infection
IFN-0/B have been demonstrated to inhibit IL-12 and IFN-y production (256). The

41



low levels of IFN-a in C. pneumoniae-infected mice are probably not sufficient to
inhibit IL-12. However, the low constitutive expression of IFN-a in lung was
involved in STAT]1 activation. Indeed, steady state levels of IFN-o/p3 and IFN-y have
been demonstrated to be important for STATI activation (257). IFN-o/BR
components have been suggested to be involved in the assembly of IFN-y-activated
transcription factors, and constitutive sub-threshold levels of IFN-o/f signaling were
required for this crosstalk (210).

In opposition to our results, IFN-y and proinflammatory cytokine levels in
lungs of C. muridarum-infected mice were decreased in the absence of IFN-o/p. In
this model however, more severe inflammation was seen in the WT controls,
compared to the less susceptible IFN-OL/BR'/ "mice. In contrast to our model, increased
IFN-ao mRNA expression was observed in lungs after infection with C. muridarum
(169), which was proposed to lead to increased apoptosis of macrophages and
subsequent promotion of bacterial growth. This could be explained by the distinct
immune responses triggered by the two pathogens, and the presence of low levels of
IFN-0/p mRNA in C. pneumoniae-infected mice might result in lower and similar
levels of apoptosis in WT and IFN-0/BR™ mice. We observed no indications of cell
death in BMM cultures 10 days after infection. We need to understand better whether
macrophage cell death is beneficial for Chlamydia and if there is a causal relationship
of apoptotic cells to the detrimental effect of type I IFNs after bacterial infections.
Chlamydia can modulate apoptosis of the infected host cell at different stages of the
infectious cycle. Chlamydia is thought to inhibit cell death during early stages and
trigger apoptosis at the end of the cycle to spread (258). Thus, whether apoptosis or
other forms of programmed cell death actually are involved in the IFN-o/pf-mediated
response to C. pneumoniae infection is not known.

IFN-o/B did not seem to have a role in protection to C. pneumoniae in vivo.
However, we observed that STAT1” mice were more susceptible than IFN-yR'/ " mice
to infection, and both IFN-o/pB and IFN-y participate in STAT1 activation. We further
investigated whether IFN-o/BR signaling was responsible for differences between
STAT1" and IFN-y'/' in the susceptibility to C. pneumoniae. For this purpose, we
infected IFN-o/BR”/IFN-yR”" mice and found that these were more susceptible to C.
pneumoniae infection than IFN-yR”™ mice and showed similar bacterial titers to
STAT1" mice. Thus, IFN-o/BR-dependent signaling participates in protection to C.
pneumoniae in vivo. In conclusion, STAT1 mediates both IFN-o/BR- and IFN-yR-
dependent protection against C. pneumoniae infection. IFN signaling can also be
mediated by other kinases and transcription factors, such as phosphatidylinositol 3'-
kinase and MAP kinases, and NF-kB and AP-1. However, whether they are involved
in IFN signaling during infection with C. pneumoniae in vivo requires further
investigation.

IFN-o/p secretion results in STATI1 activation and subsequent IFN-y gene
induction during the infection of BMM infection with C. pneumoniae. 1IFN-y
expression occurs in the absence of IFN-a/f signaling in vivo. Indeed, apart from IFN-
o/B, IL-12 and IL-18 are also known to induce IFN-y in a STAT4-dependent way
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(206). Since the regulation of IFN-y in vitro and in vivo varied, we then investigated
whether the IFN-o/B- and STAT1-dependent activation of IFN-y expression observed
in BMM has the same role in other cell populations in vitro. We infected BMM and
BMDC from WT and IFN-a/BR'/ " mice in parallel with C. pneumoniae. In the
infection of BMDC the expression of IFN-y was similar in WT and IFN-a/pR™ cells.
In contrast, the expression of IFN-y in C. pneumoniae-infected BMM was IFN-o/BR-
dependent, confirming our previous data. We showed that there is a distinct
mechanism in regulating IFN-y in different myeloid cell populations, which can
explain the redundancy of IFN-o/BR signaling in IFN-y induction in vivo. In
conclusion, the ability of IFN-a/f to regulate myeloid IFN-y depends on the particular
cell population.

STATT1 is not needed for protection and IFN-y production by T cells after
chlamydial infection

After infection, activated macrophages secrete 1L-12 and promote differentiation of
naive CD4" T cells into Ty1 cells, which produce IFN-y (259). During C. pneumoniae
infection in vivo IL-12 is necessary for resistance, probably by regulating protective
IFN-y levels. IFN-y also upregulates IL-12 production, suggesting a positive feedback
mechanism (33). IFN-y secreted by both T cells and non-lymphoid cells is important
in the infection with C. pneumoniae (34). We previously showed that STATI is
important in vivo, and we also noted that STAT1” and IFN-yR”" mice had enhanced
numbers of bacteria after 60 days of infection, in contrast to the WT mice, which
cleared the infection. STAT1 has been reported to be involved in differentiation of T
cells, through the expression of the transcription factor T-bet, which is supposedly
involved in Tyl development, by upregulating IL-12R (260). STAT1”" mice have also
shown impaired development of regulatory T cells (261). We investigated the role of
STATI in T cell signaling leading to IFN-y secretion and protection. For this purpose,
we intravenously inoculated RAG1” '/IFN-y'/ " mice with WT and STAT1”" CD4" and
CD8" naive spleen cells and infected these animals after 24 days. We measured
bacterial load and IFN-y levels in their lungs 21 days after infection. In these animals
the inoculated T cells were the only source of IFN-y. Reconstitution with either
STAT1” or WT T cells protected the RAGl'/'/IFN-y'/' mice against C. pneumoniae
infection. No differences in levels of IFN-y mRNA and intracellular bacteria between
lungs from STAT1” and WT T cell inoculated mice were observed. In agreement, T
cell activation and IFN-y expression did not require STATI during infection with
Toxoplasma gondii (262). Thus, STATI is not required for T cell activation and IFN-
vy mRNA expression.

In line with this, T cells do not require IFN-yR to confer protection to C.
pneumoniae infection (34). The fact that STAT1" and WT T cells expressed similar
levels of IFN-y might also explain the similar bacterial load, since all other cells could
respond to the IFN-y secretion. The similar mRNA levels of IFN-y in lungs from mice
reconstituted with WT and STAT1” T cells might also result from STATI-
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independent T cell-mediated IFN-y production. Whether STAT4 or other transcription
factors are involved in IFN-y production in T cells during infection with C.
pneumoniae 1s not known. Thus, BMM but not T cells, required STAT1 to express
IFN-y.

Non-hematopoietic cells require STAT1 for resistance to C. pneumoniae

C. pneumoniae can infect a vast array of cells. Both phagocytic and non-professional
phagocytes primed with IFN-y showed enhanced protection to chlamydial pathogens
(263-265). STATI 1is critical for protection to C. pneumoniae infection in lung
fibroblasts and BMM. We then investigated whether hematopoietic or non-
hematopoietic cells confer STATI-dependent protection to mice. For this reason
reciprocal bone marrow radiation chimeras were generated by irradiating WT and
STAT1" mice and reconstituted with bone marrow (hematopoietic) cells from WT
and STAT1”" mice. The validity of the model was confirmed by showing that total
STATI protein was detected in WT — STAT1”" mice 9 weeks after bone marrow
transfer. Six weeks after reconstitution they were infected with C. pneumoniae.

The bacterial load of the different groups was measured 21 days after
infection. Lungs from positive control sham chimeric mice (WT — WT) showed a
lower bacterial load in comparison with the negative mock controls (STATI'/' —
STAT17), confirming that STAT1 is needed for protection. The positive control mice
(WT — WT) demonstrated similar bacterial load to WT mice reconstituted with
hematopoietic STAT1™" type cells (STATI'/' — WT). Furthermore, STAT1 —
STAT1” showed similar susceptibility to the STATI”" mice reconstituted with
hematopoietic WT cells (WT — STAT1”" mice), confirming that STAT1-mediated
mechanisms by hematopoietic cells are not required for bacterial control. To test the
role of STAT1 in non-hematopoietic cells, we compared STAT1” — WT and WT —
WT mice with STATI” — STATI” and WT — STATI” mice, respectively.
STAT1” — STAT1” and WT — STAT1"" mice were more susceptible to infection
with C. pneumoniae than STAT1”" — WT and WT — WT mice, indicating that
somatic cells are involved in the STATIl-mediated protection. Thus, STATI is
necessary for protection against chlamydial infection, but mainly non-hematopoietic
cells account for this protection.

Non-hematopoietic cells are needed for STATI-mediated protection to C.
pneumoniae. We next investigated the expression of STAT1-regulated antimicrobial
effector enzymes (197, 266). The mRNA levels for IDO, LRG47 and iNOS were
measured in lungs of the bone marrow chimeras. IDO, LRG-47 and iNOS mRNA is
expressed in a STATI1-dependent way. Non-hematopoietic cells are required for IDO
expression, hematopoietic cells for iNOS expression and both hematopoietic and non-
hematopoietic cells are needed for LRG-47 expression. iNOS is therefore less relevant
in protection, compared to the other mechanisms. However, whether IDO and LRG-
47 actually contribute to protection during the infection with C. pneumoniae is not
known. Together, we demonstrated that T cells still express IFN-y in the absence of
STATI after infection with C. pneumoniae in vivo and that the secretion of IFNs by T
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cells is needed for STATI-dependent protection mainly mediated by non-
hematopoietic cells.

Paper IV —Role of NOD1 during infection with L.
monocytogenes

NOD1 protects against infection with L. monocytogenes

NODI senses the cytosolic presence of muropeptides containing meso-DAP from
Gram-negative and some Gram-positive bacteria. NODI signaling can lead to the
activation of NF-kB and MAP kinases, involving the downstream molecule RIP2.
These signals can induce proinflammatory cytokines and chemokines. We addressed
the role of NODI1 in the control of infection with L. monocytogenes in vivo. NOD1™”
mice infected i.p. with 10° CFU L. monocytogenes showed enhanced bacterial load in
liver and spleen 3 days and 5 days after infection. 85 % of NOD1” mice succumbed
between 6 and 15 days after infection. NOD1”" mice showed increased levels of
bacteria in liver and spleen and diminished survival compared to WT, even when
infecting with a 50 fold lower dose of L. monocytogenes (2 x 10° CFU). In accordance
with these results RIP2”" mice were more susceptible to i.p infection with L.
monocytogenes (147). Kim et al showed that NODI17/NOD2” mice pretreated with
LPS or E. coli were more susceptible than WT to infection with L. monocytogenes. In
contrast to our result, however, untreated NODI1”/NOD2"" mice demonstrated only
slightly decreased survival and the bacterial load was only enhanced in liver, but not
in spleen at 48 hours after i.p. infection with 10* L. monocytogenes, compared to WT
mice (148).

L. monocytogenes can cause encephalitis by spreading via a neural route along
the trigeminal nerve (43, 44). We then investigated if NODI is required for control of
disseminated listerial infection into the brain after snout infection. Levels of L.
monocytogenes in the snout were similar in WT and NOD1”" mice. However, listerial
levels in the brain and in the trigeminal nerve were higher in NOD1"" mice than WT.
This suggests that neural cells in the trigeminal nerve and the brain stem are capable
of controlling listerial infection and inhibiting dissemination. L. monocytogenes can
also spread to CNS via a hematogenous route through the blood brain barrier or the
choroid plexus. After i.p. infection levels of L. monocytogenes were also higher in
brains of NOD1”" mice than WT. Taken together, this indicates that NODI protects
against dissemination into the brain.

Levels of IFN-y, IL-1p and IL-6 mRNA in spleen were increased 5 days after
infection with L. monocytogenes but none of these transcripts were reduced in spleen
from NOD1”" mice, compared to WT.

Next, we addressed the role of NODI in a protective memory immune
response. NOD1, RIP2 and NOD2 have been reported to regulate adaptive immune
responses (135, 145, 147, 267). WT and NOD1”" mice were infected i.p. with 2 x 10°
CFU L. monocytogenes and surviving mice were reinfected 20 days after the primary
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infection with 10° CFU L. monocytogenes. NOD1™” re-infected mice showed lower
bacterial levels than the naive animals and all survived, but showed a higher bacterial
load in the spleen than WT mice 4 days after reinfection. WT and NOD1™" reinfected
mice contained similar numbers of IFN-y-secreting spleen T cells after stimulation
with MHC class I and II-restricted listerial peptides or heat killed Listeria. In line with
this, splenic CD11¢" DC from WT and NOD1”" mice expressed similar levels of the
costimulatory molecules CD40, CD80 and CD86, and MHC class II molecule 4 days
after infection. However, NODI1” BMDC showed lower levels of IL-6 mRNA
expression after infection compared to WT cells. Taken together, this suggests that
NODI is redundant in generating an adaptive immune response, but a role for NODI1
cannot be ruled out at other time points or on other immune parameters.

NODI1 stimulates the recruitment of cells to the inflammatory site and
secretion of chemokines (129-131). We then investigated whether NODI1 controls the
recruitment of inflammatory cells to the site of infection with L. monocytogenes using
an air pouch model. A massive influx of monocytes and neutrophils was observed
after inoculation of L. monocytogenes into the air pouch. However, similar numbers
of granulocytes, inflammatory and resident monocytes were seen in WT and NOD1™”
mice. In the air pouch lavage fluid similar protein levels of the chemokines CCL2 and
CCL7 were observed in WT and NOD1”~ mice. Hence, NODI1 is not required for
chemokine secretion and recruitment of inflammatory cells after infection.

To understand the role of NODI in different cell populations in the infection
with L. monocytogenes, we generated reciprocal bone marrow radiation chimeras
between WT and NOD1”" mice. NOD1 mRNA was detected in WT — NODI1™ mice,
confirming the validity of the model. Six weeks after reconstitution mice were
infected with L. monocytogenes. This experiment showed that the protective role for
NODI against L. monocytogenes depended on non-hematopoietic cells.

NOD2"" mice were more susceptible than WT following intragastric infection,
but not after i.v. infection. Thus, NOD2 is not important in systemic infections (145).
On the contrary, we demonstrated here that NOD1 confers protection to systemic
infection with L. monocytogenes. The discrepancy might result from the restricted cell
type expression by NOD2, compared to NODI1. NOD2 is primarily expressed in
intestinal epithelial cells and monocytes, whereas NODI is expressed in most cells
(137, 138). In conclusion, NOD1 confers protection to systemic infection with L.
monocytogenes, mediated by non-hematopoietic cells, but it is redundant for adaptive
immune responses and recruitment of inflammatory cells.

NODI1 controls intracellular growth of L. monocytogenes in vitro

Whether NODI1 controls infection with L. monocytogenes in BMM was investigated.
The levels of L. monocytogenes were increased in NOD1” BMM in comparison to
WT. Such differences were not due to increased bacterial uptake by NOD1”~ BMM.
IL-1p and IL-6 mRNA levels were lower in NOD1™” compared to WT BMM. IFN-f

mRNA expression was not dependent on NOD1 in L. monocytogenes-infected BMM.
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This is in line with experiments showing that induction of IFN-f is independent of
RIP2 and NOD1 (130, 152).

It has recently been suggested that NOD2 signaling is also triggered by ligands
generated by degradation in the phagosome of IFN-y-activated macrophages (268).
We investigated the role of NODI1 in the killing of intracellular L. monocytogenes of
IFN-y-activated BMM. WT BMM pretreated with IFN-y clearly showed a reduced
bacterial load compared to untreated cells. Pretreated NOD1” BMM showed similar
levels of bacteria as nontreated cells at 24 hours after infection. Thus, IFN-y-mediated
killing of intracellular L. monocytogenes is at least partially impaired in NOD1™”
BMM. We suggest that NODI1 signaling is triggered by degraded bacterial material
from the phagosome of IFN-y activated macrophages. Cytosolic intracellular bacteria
trigger signaling pathways distinct to non-invasive bacteria. Several groups have
reported that cytosolic invasion by L. monocytogenes is needed for IFN-f and CCL2
gene expression (117, 119, 120, 269). We then studied the requirement of the
cytosolic invasion by L. monocytogenes in cytokine production by incubating BMM
with an LLO-deficient L. monocytogenes strain mutant Ahly or heat killed L.
monocytogenes. NOD1” and WT BMM showed similar IL-6 mRNA levels when
infected with Ahly L. monocytogenes or incubated with heat killed Listeria,
suggesting that the NOD1-mediated enhanced expression of cytokine mRNA requires
cytosolic invasion of L. monocytogenes.

We addressed the role of NOD1 in the control of L. monocytogenes infection
in other cell populations in vitro. Both NOD1”~ MEF and astrocytes showed enhanced
bacterial load in WT cells after infection. However, at certain time points, NODI1™”
MEF showed up to 100-fold higher titers of L. monocytogenes whereas NOD1™"
astrocytes, like BMM, demonstrated up to 10-fold difference to WT cells. We then
studied the gene expression pattern in fibroblasts in a low density microarray. Out of
82 inflammatory genes, 14 genes were induced in WT fibroblasts after infection. 13
of these 14 genes were induced in NODI™ cells together with 32 other genes,
including important inflammatory cytokines, chemokines, growth factors and
metalloproteases. The #/r2 gene was induced in WT, but not in NOD1”" fibroblasts.
The il6 and il1b gene expression was not diminished in NOD1™" fibroblast, in contrast
to BMM. The increased number of genes induced in NOD1™" fibroblasts could result
from a stronger host response to the higher bacterial load. The lack of reduced gene
response in NOD1™" fibroblasts could be explained by 1) the role of NOD1 in other
important genes that were not included in the array and/or 2) the importance of NODI1
for expression of protective genes at another time point than 24 hours after infection.
Interestingly, in uninfected NOD1”" cells, 15 genes were upregulated (e.g. ¢/r2 and
cxcl5) and 6 were downregulated in comparison to WT cells. This suggests that
NODI plays a role in gene expression unrelated to stimuli.

We then analyzed the NOD expression in BMM and fibroblasts after infection
with L. monocytogenes. NOD1 mRNA levels were increased in both BMM and
fibroblasts after infection with L. monocytogenes compared to uninfected cells. In line
with this, lung tissue and epithelial cells showed enhanced mRNA levels of NODI
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after infection with S. pneumoniae (251). This suggests that the cells are sensitized to
NODI recognition after infection. NOD ligands trigger a weak cytokine response but
they are suggested to be positively regulated by TLR signaling (132). MyD88'/'
macrophages showed an abolished response to L. monocytogenes in macrophages
(113), supporting a synergistic role for NOD1 in TLR signaling, rather than a parallel
role for NOD1 and TLRs in cytokine expression. We showed that the expression
levels of NOD1 mRNA were increased in BMM stimulated with TLR ligands CpG,
poly I:C and LPS, and to a lesser extent Pam; and MALP-2, compared to untreated
cells. We observed that WT and NOD1”~ BMM stimulated with CpG, poly I:C and
Pam; demonstrated similar levels of IL-1f, IL-6 and IFN-f after infection with L.
monocytogenes. Thus, TLR signaling probably enhances cell sensitivity to NODI
recognition. However, further investigation is required to determine the details on the
relation of NOD proteins to TLRs in triggering innate immune responses. In
conclusion, we observed that NOD1 controls the infection with L. monocytogenes in
both hematopoietic and non-hematopoietic cells, such as macrophages, astrocytes and
particularly in fibroblasts. NODI 1is also required for IFN-y-mediated L.
monocytogenes growth in macrophages.
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CONCLUDING REMARKS

Certain bacteria have evolved mechanisms to replicate and spread in a biological
niche inside the cells of different hosts. The host has, in turn, developed an immune
system to protect itself. Innate receptors are the first sensors of these bacteria and they
trigger different responses, which induce the production of cytokines that mediate the
immune response. IFN-y is probably the most important cytokine for the immune
response to intracellular bacteria, the production of which ultimately results in the
eradication of the bacteria through several effector mechanisms.

In this thesis I investigated the pathways that initiate innate immune responses
and lead to protection against intracellular bacterial infection with C. pneumoniae and
L. monocytogenes. Earlier studies have shown that C. pneumoniae infection of BMM
induces IFN-o/B-dependent IFN-y secretion, leading to control of bacterial growth. In
paper I and II we described that C. pneumoniae acts via TLR4 to trigger a pathway
through MyD88 and IRAK4, which results in IFN-a secretion. In addition, STAT1
mediates [FN-a/B-dependent IFN-y production, which controls bacterial growth in C.
pneumoniae. We discovered that IRF3 is redundant for I[FN-a and IFN-y expression
and control of bacterial growth in the infection of BMM with C. pneumoniae.
However, IFN-B regulates IFN-a, IFN-y and IRF7 induction and is required for
protection against C. pneumoniae infection in BMM.

TLR signaling has been shown to lead to activation of both NF-kB and MAP
kinases, both leading to the induction of proinflammatory cytokines. We described
that NF-kB activation is critical to IFN-y release and that this pathway is TRAF6-
mediated, but MyD88 and IRF3 are redundant for NF-kB activation. We believe that
MyD88-IRAK4, TRIF and possibly other signaling pathways, such as NOD signaling,
contribute together to NF-kB activation.

IFN-y derived from both macrophages and T cells can play a central and
complementary role in protection against C. pneumoniae infection in vivo. In paper I1I
we demonstrated that during intranasal infection with C. pneumoniae STATI is
essential for resistance. STAT1 mediates IFN-o/f and IFN-y signaling, which are
both required for protection. Several reports have described a detrimental role for type
I IFNs in bacterial infection due to increased cell death. We observed that infection
with C. pneumoniae triggers low levels of IFN-a, which together with differences in
cell tropism or in immune responses to distinct pathogens, could explain the
beneficial role for IFN-o/f signaling during infection with C. prneumoniae. T cell-
secreted IFN-y is sufficient to confer protection against C. pneumoniae, but STAT1
signaling in T cells is not required for protection. We found that non-hematopoietic
cells are important for protection against chlamydial infection in vivo in a STATI-
dependent manner. STATI mediates the microbicidal mechanisms IDO and LRG-47
in non-hematopoietic cells. However, it is not clear which effector mechanisms are
responsible for IFN-y-mediated protection to infection with C. pneumoniae.
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Infection of macrophages with L. monocytogenes triggers distinct innate
immune receptors at different time points. Other groups have described that TLR
signaling is involved in the early response to L. monocytogenes, leading to induction
of NF-kB-regulated genes, independently of the invasion of live bacteria. NOD
proteins recognize muropeptides in the cytosol, leading to activation of NF-kB and
MAP kinases. In paper IV we described for the first time an important protective role
for NODI in the infection with L. monocytogenes in vivo and in vitro. We showed
that non-hematopoietic cells mediate NOD1 protection against systemic infection
with L. monocytogenes. No major defects in triggering of specific adaptive immune
responses and in the recruitment of inflammatory cells could be detected in NOD1”-
L. monocytogenes-infected mice. NOD1 plays a role in control of L. monocytogenes
infection in macrophages, fibroblasts and astrocytes. It is required for IFN-y-mediated
growth control in macrophages. We observed that IL-6 production was decreased in
NODI1™" macrophages compared to WT after infection with WT L. monocytogenes,
but not with non-invasive L. monocytogenes. Surprisingly, a number of important
inflammatory cytokines, chemokines, growth factors and metalloproteases were
increased in NOD1™”" compared to WT fibroblasts, which we suggested to be an effect
of higher numbers of bacteria. The major molecular mechanisms accounting for
susceptibility of NOD1™”" mice to L. monocytogenes remain to be determined.

The field of innate immunity is subject to intense studies conducted by
researchers from all over the world. The pathways I described here contribute to the
comprehension of innate immunity to intracellular bacteria. Whether these pathways
occur in response to other pathogens remains to be settled. However, many details of
these pathways are still unknown and we cannot exclude that other pathways might
function in parallel or in synergy. Thus, research is only scratching on the surface of
innate immunity to intracellular bacteria and we can expect many important findings
in the future. Whether these findings made in mice also apply to the human infections
remain to be determined. If this is the case these and other research studies might
contribute to the development of immunoprophylaxis or immunotherapy against these
infections.
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