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Inflammasomes have been extensively characterized in monocytes and macrophages, but not in 

epithelial cells, which are the preferred host cells for many pathogens. Here we show that 

cervical epithelial cells express a functional inflammasome. Infection of the cells by Chlamydia 

trachomatis leads to activation of caspase-1, through a process requiring the NOD-like receptor 

family member NLRP3 and the inflammasome adaptor protein ASC. Secretion of newly 

synthesized virulence proteins from the chlamydial vacuole through a type III secretion 

apparatus results in efflux of K+ through glibenclamide-sensitive K+ channels, which in turn 

stimulates production of reactive oxygen species. Elevated levels of reactive oxygen species 

(ROS) are responsible for NLRP3-dependent caspase-1 activation in the infected cells. In 

monocytes and macrophages, caspase-1 is involved in processing and secretion of pro-

inflammatory cytokines such as interleukin-1β. We demonstrate that C. trachomatis or C. 

muridarum infection of a monocytic cell line lead to caspase-1 dependent interleukin-1β (IL-1β) 

secretion in a NLRP3 inflammasome dependent manner that requires Syk signaling. However, in 



 

xxi 

epithelial cells, which are not known to secrete large quantities of IL-1β, caspase-1 has been 

shown previously to enhance lipid metabolism. Here we show that, in cervical epithelial cells, 

caspase-1 activation is required for optimal growth of the intracellular chlamydiae. Given the 

importance of ROS-induced caspase-1 activation in growth of chlamydial inclusion, we further 

investigate the sources of ROS production in epithelial cells following infection with C. 

trachomatis. In this study, we provide evidence that NLRX1-dependent mitochondrial generation 

of ROS is one of the two sources of ROS production induced by chlamydial infection; the other 

source being NADPH oxidase.  
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CHAPTER 1. Introduction 

 

1.1 Chlamydiae: 

Chlamydiae are Gram-negative obligate intracellular bacteria, and are the causative 

agents of a wide variety of diseases in humans and other vertebrates. Three chlamydial species 

are known to be pathogenic for humans:  C. trachomatis, C. psittaci (also known as C. caviae), 

and C. pneumoniae.   

C. trachomatis is the most common cause of bacterial sexually transmitted disease in the 

United States. The trachoma biovar includes serovars A, B, Ba and C and causes trachoma, a 

leading cause of preventable blindness in the world (Belland et al., 2004, Gerbase et al., 1998, 

Miller et al., 2004, Schachter, 1999, Thylefors et al., 1995). Other chlamydial serovars (D to K) 

infect the urogenital tract and cause several sexually transmitted diseases, including pelvic 

inflammatory disease (PID) in women, where 11% develop infertility and 9% develop ectopic 

pregnancy due to scarring of the ovaries and the fallopian tubes, respectively (Cohen and 

Brunham, 1999). The World Health Organization (WHO) in 2001 estimated that 92 million new 

cases of C. trachomatis infections occur each year (Gerbase et al., 1998). More than 4 million 

incidences are in the United States, where 4.2% of young adults are infected with C. trachomatis 

(Miller et al., 2004), with a higher rate among sexually active teenagers (Cohen et al., 1998), 

representing a total cost to the health care system of approximately $2.4 billion per year (Genc 

and Mardh, 1996). Infection by the lymphogranuloma venereum (LGV)2 strain of C. 

trachomatis, which has become more common in North America and Europe (Bebear and de 

Barbeyrac, 2009, Tinmouth et al., 2008), is characterized by swelling and inflammation of the 

lymph nodes in the groin (Mabey and Peeling, 2002). 



 

Studies have shown that around 80% of the population

lives with C. pneumoniae, which is responsible for 10% of all community

(Campbell and Kuo, 2004). It can also cause more dangerous, longer

chronic infection is thought to contribute to a

of the aorta (Mussa et al., 2006).  

C. psittaci infects birds but can be contracted by humans through inhalation of aerosols of 

the droppings of the infected birds. The symptoms may vary

severe pneumonia (Vanrompay et al., 1995)

Conveniently, C. muridarum (MoP

giving a pathology similar to that seen in humans, and is used in vivo and in vitro models of 

chlamydial pathogenesis (Cheng et al., 2008)

 

1.2 Developmental Cycle of Chlamydiae

 Chlamydiae are intracellular 

pathogens that preferentially infect epithelial 

mucosa (Moulder, 1991). All Chlamydia 

species share a common biphasic 

developmental cycle, during which they 

reside within a specialized vacuole, called 

an inclusion, within the host cell. As 

indicated in Fig. 1.1, a metabolically 

inactive form, the elementary body, infects 

the epithelial host cells through entry 
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vesicles that avoid fusion with host cell lysosomes and develop into a membrane-bound 

inclusion (Dautry-Varsat et al., 2005, Hackstadt et al., 1997, Wyrick, 2000). Despite their 

intravacuolar localization, Chlamydiae are still able to acquire nutrients from the host cell and 

interact with host-cell signaling pathways (Bea et al., 2003, Birkelund et al., 1994, Carabeo et al., 

2003, Coombes and Mahony, 2002, Hackstadt et al., 1997, Hatch and McClarty, 1998, Hess et 

al., 2003, McClarty, 1994, Ojcius et al., 1998b, Rzomp et al., 2003, Xia et al., 2003). Within a 

few hours, the elementary bodies differentiate into larger, metabolically active reticulate bodies, 

which proliferate but are noninfectious. Depending on the strain of C. trachomatis, the reticulate 

bodies transform back into elementary bodies after 1–3 days and are released into the 

extracellular medium to infect other cells (Ito et al., 1990, Miyairi and Byrne, 2006, Wyrick, 

2000). 

 

1.3 Chlamydial Type III Secretion System: 

Several Gram-negative bacteria possess a type III secretion system (T3S), and utilize it to 

direct and orchestrate the deployment of their virulence factors to the host cell cytosol. These 

virulence factors, termed effector proteins, play a major role in the pathogenicity of these 

bacterial strains and control interactions with host-cell compartments. Such interactions interrupt 

or subvert specific host cell functions (Fields and Hackstadt, 2006).  Chlamydial species are 

among the bacteria that possess a conserved type III secretion (T3S) system, which requires the 

assembly of three components: a 20–25 protein basal apparatus termed ‘nanosyringe’, a 

translocator apparatus and chaperone subclasses to inject effector proteins into the eucaryotic 

host-cell cytosol (Peters et al., 2007). Although Chlamydiae lack flagella and are non-motile, 

their genomes contain genes encoding a subset of flagellar components. It is suggested that the 



 

4 

flagellar basal bodies are the precursors of Type III protein secretion pores (Nguyen et al., 2000), 

but no evidence yet on a potential role of the flagellar components in secretion (Fields and 

Hackstadt, 2006). 

 

1.4 Immune Response to Chlamydial Infection: 

 Both innate and adaptive immune responses synchronize together in their attempt to 

eliminate Chlamydiae, but the main damage inflicted by C. trachomatis in infected tissue is due 

to chronic inflammation, where the host immune response fails to clear the infection and 

continues to release inflammatory mediators that led to irreversible tissue damage in a silent 

fashion (Roan and Starnbach, 2008).   

Long before the adaptive immune response is activated, infected epithelial cells secrete 

interleukin (IL)-6, IL-1α, IL-8, and granulocyte-macrophage colony-stimulating factor (GM-

CSF) (Rasmussen et al., 1997). These chemokines recruit and activate immune cells including 

neutrophils, macrophages, dendritic cells (DCs) and natural killer (NK) cells (Parr and Parr, 

1990, Parr and Parr, 1991), which in turn secrete more proinflammatory cytokines like TNF-α 

(Dessus-Babus et al., 2002). Moreover, previous studies demonstrated that dendritic cells, 

macrophages, and monocytes, secrete the proinflammatory cytokine IL-1β in response to 

chlamydial infection (Entrican et al., 1999, Gervassi et al., 2004, Ojcius et al., 1998c, Rothermel 

et al., 1989). Previous studies have suggested that IL-1β might play a role in tubal pathology 

associated with chlamydial infection (Darville et al., 2003, Hvid et al., 2007), and more recently, 

Prantner et al. demonstrated that macrophages and neutrophils, following chlamydial infection in 

vivo, produce the bulk of IL-1β, which is important for the chlamydial clearance, but also 

contributes to genital tract pathology accompanied by the infection (Prantner et al., 2009).  
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 During secondary infection, the innate immune response is ineffective (Roan and 

Starnbach, 2008) and caspase-1 dependent IL-1β secretion contributes to the primary infection 

only (Cheng et al., 2008). The adaptive immune response is therefore the major player in 

secondary chlamydial infection. In addition to anti-chlamydial antibody production by B cells 

that help in neutralizing chlamydial infectivity and enhancing phagocytosis, CD4+ Th1 and CD8+ 

Tc cells play a greater role in clearing the infection by producing IFNγ and killing infected cells, 

respectively (Roan and Starnbach, 2008).  

 Innate and adaptive immune responses to chlamydial infection may result in clearance of 

the infection. However, in many cases the immune system fails to clear the infection, and the 

chronic release of cytokines becomes a major contributor to the scarring and damage associated 

with the infection (Darville et al., 1997, Darville et al., 2001, Ward, 1999). 

 

1.5 The Inflammasomes: 

Microbial organisms express pathogen-associated molecular patterns (PAMPs) that can 

stimulate expression of proinflammatory mediators following ligation of pathogen recognition 

receptors (PRRs). However, both commensal organisms and pathogens can express PAMPs. The 

immune system can distinguish between commensals and pathogens in part through secretion of 

the key inflammatory cytokines IL-1β and IL-18. A PAMP such as lipopolysaccharide can 

induce production of intracellular pro-IL-1β and pro-IL-18, but not their secretion. A second 

“danger signal”, derived from host-cell molecules that are released from stressed or infected 

cells, or detected as a PAMP that is present in the cytosol, can stimulate assembly of an 

inflammasome that activates the protease caspase-1. Caspase-1, in turn, is responsible for 

processing and secretion of the mature IL-1β and IL-18. Many diverse ligands leading to 
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inflammasome activation have been identified, but the cell signaling pathways initiated by the 

ligands tend to converge on a small set of common mechanisms. 

The PAMP recognizing PRRs include Toll-like receptors (TLRs), nucleotide-binding and 

oligomerization domain (NOD)-like receptors (NLRs), retinoid acid-inducible gene I (RIG-I)-

like receptors (RLRs), and the C type lectin receptors (CLRs) (Baccala et al., 2009). The two 

most extensively studied PRRs are TLRs and NLRs, which exhibit significant interplay (Baccala 

et al., 2009). Some NLRs can detect PAMPs and stimulate expression of pro-inflammatory genes 

(Girardin et al., 2003a, Girardin et al., 2003b, Welter-Stahl et al., 2006), while other NLRs 

require the participation of other PRRs in order to promote processing and secretion of the key 

proinflammatory cytokines, IL-1β and IL-18 (Dinarello, 2006). NLRs, a family of cytosolic 

receptors (also known as CATERPILLERs, NOD-leucine-rich repeats [LRRs] or NACHT-

LRRs), are comprised of three domains which include an effector N-terminus domain, a central 

NOD or NACHT domain and a C-terminus LRR motif. A total of 23 NLR members have been 

identified in humans and are classified based on their N-terminal domain. Caspase recruitment 

domain (CARD)-containing NLRCs (NLRC 1-5) and pyrin domain (PYD)-containing NLRPs 

(NLRP 1-14) play an important role in inflammation, while the role of baculoviral IAP repeat 

(BIR)-containing neuronal apoptosis inhibitor proteins (NAIPs) is not yet well defined. 

Interestingly, NLRX1 (Nod9), unlike the other NLR family members, contains an unusual 

effector N-terminal domain that is conserved among species and targets NLRX1 to the 

mitochondria, albeit the exact mitochondrial location is disputed (Arnoult et al., 2009, Moore et 

al., 2008, Tattoli et al., 2008). NLRs also exist in other organisms: mice possess 34 members, 

and plants contain a similar subset of genes termed plant disease-resistance (R) genes 

(Kanneganti et al., 2007b).  
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Several members of the NLR gene family are involved in the assembly of a 

macromolecular protein complex termed the “inflammasome” that leads to the activation of the 

cysteine protease, caspase-1 (also known as IL-1 converting enzyme or ICE), which in turn 

cleaves pro-IL-1β or pro-IL-18, resulting in secretion of the mature cytokines (Franchi et al., 

2009, Mariathasan, 2007, Martinon et al., 2009). NLRP3, NLRP1 and NLRC4 are among the 

NLR members demonstrated to activate the inflammasome in cells, while other NLR members 

have been shown to activate the inflammasome in a cell-free system (Fig. 1.2).  

  



 

8 

 

  

Figure 1.2: Inflammasome Activation Requires Two Signals. Both a pathogen recognition receptor (PRR) and 
Nod-like receptor (NLR) family member are usually required for secretion of IL-1β. Binding of a pathogen-
associated molecular pattern (PAMP) to its PRR results in pro-IL-1β synthesis, but not always secretion of IL-1β. 
A second signal, derived from an extracellular “danger signal” such as ATP or gout crystals, or an intracellular 
PAMP such as muramyl-dipeptide (MDP) from peptidoglycan activate an inflammasome consisting of caspase-1, 
the adaptor protein ASC, and a NLR family member or AIM2. LT, lethal toxin from Bacillus anthracis; dsDNA, 
double-stranded DNA. Inflammasome-dependent caspase-1 activation results in processing and secretion of the 
mature IL-1β. 

Signal 1 

Signal 2 
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1.5.1 THE NLRP3 INFLAMMASOME 

The NLRP3 inflammasome (also known as Nalp3, cryopyrin, PYPAF1, CIAS1 and 

CLR1.1) is the most extensively studied inflammasome to date and is responsible for caspase-1 

activation by a vast number of pathogens and other stimuli. NLRP3 inflammasome activation 

usually requires two signals: the first signal, from PAMPs such as lipopolysaccharide (LPS), 

stimulates a TLR expressed on the cell surface or in an endosome and promotes the production 

and intracellular accumulation of immature cytokines (Janeway Jr. and Medzhitov, 2002, 

Medzhitov and Janeway Jr., 2002). The second signal, usually derived from danger signals 

(DSs), also known as damage-associated molecular patterns (DAMPs), such as host-derived 

adenosine triphosphate (ATP) or uric acid crystals, ligates the danger signal receptor (DSR) and 

results in processing and secretion of mature cytokines. Initially, DAMPs were thought to be 

restricted to molecules of microbial origin, but recent work has expanded the concept to include 

host-cell material released from dying, infected or other stressed cells, including ATP, adenosine, 

uric acid, and the chromosomal protein, high mobility group box 1 (HMGB1) (Di Virgilio et al., 

2001, Gallucci and Matzinger, 2001, Müller et al., 2001, Shi et al., 2003, Sitkovsky et al., 2004, 

Sitkovsky and Ohta, 2005). Stimulation with any of these second signals leads to formation of a 

large complex containing NLRP3, caspase-1 and the adaptor protein, ASC. 

A rapidly increasing number of studies have demonstrated the activation of the NLRP3 

inflammasome in response to microbial infections. Several bacterial, viral and fungal pathogens 

have been demonstrated to activate the NLRP3 inflammasome. Furthermore, studies have shown 

that both abiotic and biologic crystals can also activate the NLRP3 inflammasome. Asbestos, 

silica, amyloid-β fibrils and hemozoin are among these crystals (Reviewed in (Abdul-Sater et al., 

2009)). The NLRP3 inflammasome initially gave the impression of being rather promiscuous, as 
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it could be activated by a wide variety of stimuli, ranging from toxins, ATP and uric acid 

crystals. However, these disparate stimuli stimulate NLRP3 through a small number of shared 

mechanisms (Fig. 1.3). Thus, the 

K+ efflux is induced by microbial 

toxins (Mariathasan et al., 2006, 

Petrilli et al., 2007), 

imidazoquinoline derivatives 

(Kanneganti et al., 2006) and 

infection by C. albicans (Gross et 

al., 2009, Hise et al., 2009, Joly et 

al., 2009), and extracellular ATP 

(Ferrari et al., 2006, Franchi et al., 

2007a). ATP can stimulate K+ 

efflux due to the association of the 

purinergic receptor, P2X7, with the 

recently discovered hemichannel, 

pannexin-1 (Kanneganti et al., 2007a, 

Pelegrin and Surprenant, 2006, 

Pelegrin and Surprenant, 2007), which allows formation of large nonselective pores in the 

membrane. Pannexin-1, in fact, has been shown to be necessary for ATP-induced IL-1β secretion 

(Kanneganti et al., 2007a, Pelegrin and Surprenant, 2007). ATP stimulation of macrophages can 

also induce formation of ROS, which led to caspase-1 activation (Cruz et al., 2007). The 

antioxidant N-acetylcysteine, which acts as a stimulator of glutathione synthesis and enhancer of 

Figure 1.3: Diverse danger signals lead to NLRP3 inflammasome 
activation through common mechanisms. Diverse danger signals 
lead to NLRP3 inflammasome activation through common 
mechanisms. Extracellular damage-associated molecular patterns 
(DAMPs) can lead to K+ efflux and then ROS production, or directly 
to ROS production. Large particles can also cause lysosomal 
destabilization and release of enzymes such as cathepsin B. Either 
high ROS levels or cytosolic cathepsin B can stimulate the NLRP3 
inflammasome, leading to caspse-1 activation. 
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glutathione-S-transferase activity (De Flora et al., 1985, De Vries and De Flora, 1993), can 

inhibit both ATP-mediated caspase-1 activation and, interestingly, NLRP3 inflammation 

activation due to treatment with ionophores such as nigericin (Cruz et al., 2007, Petrilli et al., 

2007). Finally, destabilization of lysosomes by silica crystals, amyloid-β fibrils and alum salts 

has been shown to activate the NLPR3 inflammasome (Halle et al., 2008, Hornung et al., 2008). 

Rupture of lysosomes causes release of the lysosomal protease, cathepsin B, which is somehow 

sensed by the NLRP3 inflammasome. 

1.5.2 The NLRP1 Inflammasome 

NLRP1 (also known as Nalp1, CARD7, NAC, DEFCAP and CLR17.1) forms an 

inflammasome containing caspase-1 and ASC. It is stimulated by the presence of cytosolic 

muramyl-dipeptide (MDP), which results in activation of caspase-1 (Martinon et al., 2002). 

Studies with a reconstituted NLRP1 inflammasome in a cell-free system demonstrated that 

caspase-1 activation occurs in a two-step mechanism whereby MDP triggers a conformational 

change in NLRP1, allowing it to oligomerize into the inflammasome after binding nucleotides 

(Faustin et al., 2007). Separate studies on the NLRP1 inflammasome were carried out in mice, 

which possess three NLRP1 paralogues (NLRP1a, NLRP1b and NLRP1c), compared to the sole 

NLRP1 gene in humans. Susceptibility of macrophages to lethal toxin (LT), a metalloproteinase 

responsible for Bacillus anthracis pathogenesis, is mediated by an NLRP1b inflammasome 

through an unknown mechanism (Boyden and Dietrich, 2006). Transfection of fibroblasts with 

NLRP1b and caspase-1 conferred susceptibility of these cells to anthrax LT (Liao and Mogridge, 

2009). 
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1.5.3 The NLRC4 Inflammasome 

The NLRC4 inflammasome (also known as IPAF, CARD12, CLAN and CLR2.1) is 

activated by some Gram-negative bacteria possessing type III or type IV secretion systems. 

These bacteria include Salmonella typhimurium, Shigella flexneri, Pseudomonas aeruginosa and 

Legionella pneumophila (Franchi et al., 2007b, Mariathasan et al., 2004, Miao et al., 2008, 

Sutterwala et al., 2007, Suzuki et al., 2007, Zamboni et al., 2006). In S. typhimurium, P. 

aeruginosa and L. pneumophila, NLRC4 appears to sense the presence of flagellin in the cytosol; 

however, S. flexneri does not possess flagellin, yet is still capable of activating the NLRC4 

inflammasome through a process that requires an intact type III secretion system (Suzuki et al., 

2007). Although initial studies showed that NLRC4 inflammasome activation following P. 

aeruginosa infection requires flagellin and an intact type III secretion system (Franchi et al., 

2007b, Miao et al., 2008), it was also found that either the nonflagellated strain PA103ΔU or the 

flagellin-deficient mutant strain PAKΔfliC can also activate the NLRC4 inflammasome, leading 

to IL-1β secretion (Sutterwala et al., 2007). These results suggest the existence of a flagellin-

independent mechanism for NLRC4 inflammasome assembly. 

 

1.5.4 Inflammasome Activation by AIM2 

Four recent studies have reported that cytoplasmic dsDNA is sensed by a PYHIN (pyrin 

and HIN domaincontaining protein) family member: AIM2 (absent in melanoma 2) 

(Burckstummer et al., 2009, Fernandes-Alnemri et al., 2009, Hornung et al., 2009, Roberts et al., 

2009). Although it is not an NLR family member, AIM2, upon binding cytoplasmic dsDNA 

through its carboxy terminal domain, oligomerizes and interacts with ASC through its amino 

terminal pyrin domain. This interaction causes the formation of an ASC pyroptosome or AIM2 
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inflammasome which ultimately leads to activation of caspase-1(Fernandes-Alnemri et al., 2009, 

Hornung et al., 2009) and nuclear factor κ B (NFκB) (Hornung et al., 2009). 

 

1.6 Reactive Oxygen Species Production 

During electron transfer reactions, where oxygen (O2) is the final electron acceptor, 

eucaryotic cells generate partially reduced and highly reactive O2 metabolites collectively known 

as reactive oxygen species (ROS). These molecules possess unpaired valence shell electron 

rendering them highly reactive. Given their high cellular toxicity, cells have developed 

mechanisms to maintain the levels of ROS in a homeostatic state and utilizing them in several 

cellular functions including signaling transduction pathways, regulating gene expression and host 

defense mechanisms. The most physiologically relevant ROS include super oxide anion (O2
.
), 

hydrogen peroxide (H2O2) and hydroxyl radical (
.
OH). Intracellular ROS generation is mediated 

by several enzymatic reactions, but the bulk of ROS is generated from two sources: 

mitochondrial electron transport chain complex and NADPH oxidase (NOX) (reviewed in (Novo 

and Parola, 2008)).  

During the oxidative phosphorylation process in the mitochondria, O2 is reduced to O2
.-, 

which in turn is converted by superoxide dismutase into H2O2, which then crosses the 

mitochondrial membrane into the cytoplasm (reviewed in (Novo and Parola, 2008)). Notably, 

NLRX1, an NLR family member that translocates to the mitochondria, induces ROS production 

and can also augment ROS production induced by poly I:C, TNFα and Shigella flexneri infection 

(Tattoli et al., 2008). This is the only member of the NLR family that can translocate to the 

mitochondria and modulate ROS production. The exact localization of NLRX1 in the 
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mitochondria is disputed, with one group showing that it localizes to the outer mitochondrial 

membrane (OMM) (Moore et al., 2008), and another group showing evidence that it does not 

localize to the OMM (Tattoli et al., 2008). Recent convincing evidence by the latter group 

showed that NLRX1 is transported to the mitochondrial matrix where it interacts with UQCRC2, 

a matrix-facing protein of the respiratory chain complex III (bc1 complex). The bc1 complex is 

known to play an essential role in ROS generation from the mitochondria and thus its interaction 

(Arnoult et al., 2009). 

NOX is an enzyme complex composed of six subunits, two of which (p22phox and 

gp91phox (Nox2)) are membrane bound and the other four (p47phox, p40phox, p67phox and 

p21rac) are present in the cytoplasm. Different Nox isoforms are present in phagocytic and non-

phagocytic cells. Upon stimulation, the cytosolic components of NOX translocate to the plasma 

membrane and join the two membrane-bound components to form the active enzyme complex 

leading to ROS production (reviewed in (Novo and Parola, 2008)). Nox is the catalytic core of 

the NOX enzyme complex and contains a low potential cytochrome b along with NADPH- and 

FAD- binding domains in the C-terminal cytoplasmic region. They serve as a redox centers, 

whereby electrons are transferred from NADPH to the cytochrome via FAD, which eventually 

donates the electrons to O2 to form superoxide (reviewed in (Sumimoto, 2008)). 

 

1.7 Goals of This Research   

Previous studies have shown that different pathogens can cause inflammasome-mediated 

caspase-1 activation in macrophages and monocytes (Yu and Finlay, 2008). However, epithelial 

cells lining mucosal surfaces are not only the preferred target for chlamydial infection and other 

intracellular pathogens, but also play an important role in early host immune response to 
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infection by secreting proinflammatory cytokines and chemokines (Rasmussen et al., 1997). 

Although epithelial cells are not known to secrete large amounts of IL-1β, inflammasome-

dependent caspase-1 activation in epithelial cells is known to contribute to lipid metabolism and 

membrane regeneration in epithelial cells damaged by the membrane-disrupting toxin, aerolysin 

(Gurcel et al., 2006). As lipids are sorted from the host cell Golgi apparatus, we therefore 

investigated whether C. trachomatis induces caspase-1 activation in epithelial cells via the 

assembly of an inflammasome. As mentioned earlier, a wide variety of stimuli can activate the 

inflammasome yet they converge on a small numbers of mechanisms by which they trigger 

inflammasome assembly (reviewed in (Abdul-Sater et al., 2009)). Therefore, we further 

investigated the mechanism by which C. trachomatis triggers the formation of the inflammasome 

and the stimuli that led to its activation. As the chlamydial inclusion diverts lipids from the host-

cell Golgi apparatus to the chlamydial inclusion (Carabeo et al., 2003, Hackstadt et al., 1997, 

Hackstadt et al., 1995), we investigated the possibility that caspase-1 may also modulate 

chlamydial development.   

Immune cells, including dendritic cells, macrophages and monocytes, are key players in 

the immune response to chlamydial infection. They secrete the proinflammatory cytokine IL-1β 

(Entrican et al., 1999, Gervassi et al., 2004, Ojcius et al., 1998a, Rothermel et al., 1989), which 

along with other inflammatory cytokines can cause chronic inflammation, a major contributor to 

tissue damage caused by chlamydial infection (Darville et al., 2003, Hvid et al., 2007, Prantner et 

al., 2009, Roan and Starnbach, 2008). Accordingly, we examined whether a human monocytic 

cell line, THP-1, secretes IL-1β in response to chlamydial infection in an inflammasome 

dependant fashion. We also investigated the mechanism leading to inflammasome dependent IL-

1β secretion. 
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When investigating the mechanism that leads to caspase-1 activation in epithelial cells 

following chlamydial infection, we demonstrated that epithelial cells, in response to C. 

trachomatis infection, produce ROS, which was essential for Chlamydia-induced caspase-1 

activation. We further demonstrated that caspase-1 activation was required for chlamydial 

growth and development. Collectively, for these reasons we wanted to understand the sources of 

ROS production following infection with Chlamydia. Intracellular ROS production is mainly 

generated from the mitochondria or membrane-bound NOX. NLRX1 was recently demonstrated 

to be targeted to the mitochondria where it plays a role in ROS production (Arnoult et al., 2009, 

Tattoli et al., 2008). Hence we investigated whether NLRX1, NOX or both are involved in 

Chlamydia-induced ROS production. We also tested whether ROS production plays a role in 

chlamydial growth.  
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CHAPTER 2. Materials and Methods 

 

2.1 Cells, Bacteria, and Chemical Reagents: 

Human cervical epithelial cells (HeLa 229 cells), human cervical cancer cell line 

(CaSki),human embryonic kidney cell line (HEK) 293 cells and human acute monocytic 

leukemia cell line (THP-1) were obtained from American Type Culture Collection (ATCC). The 

LGV/L2 strain of C. trachomatis and C. muridarum Nigg strain were obtained from Roger Rank, 

University of Arkansas. HeLa cells were cultured in a humidified incubator at 37 °C with 5% 

CO2 in Dulbecco’s modified Eagle’s medium (DMEM/F-12) (Invitrogen) supplemented with 

10% heat-inactivated fetal calf serum (Invitrogen), and 10 µg/ml gentamycin (Omega Scientific, 

Tarzana, CA). THP-1 cells were cultured in a humidified incubator at 37 °C with 5% CO2 in 

RPMI medium (Invitrogen) supplemented with 10% heat-inactivated fetal bovine serum (FBS) 

(Invitrogen), and 10 µg/ml gentamycin. Mouse embryonic fibroblast cells (MEFs) were obtained 

from Dr. Stephen E Girardin (Department of Laboratory Medicine and Pathobiology, University 

of Toronto, Toronto, Canada) and were cultured in a humidified incubator at 37 °C with 5% CO2 

in RPMI medium (Invitrogen) supplemented with 10% heat-inactivated FBS (Invitrogen), 1% 

non essential amino acids (NEAA) (Invitrogen), and 10 µg/ml gentamycin.  

C. trachomatis were grown in infected HeLa cell monolayer cultures as described 

previously (Ojcius et al., 1998b). Briefly, infected HeLa cells were cultured on twenty 9-cm Petri 

culture dishes and harvested at 48 hrs post infection. The cells and supernatant were combined 

and centrifuged for 60 min at 12,000 rpm in a Sorvall type GSA rotor. The pellet was 

resuspended in ice-cold sucrose/phosphate/glucose buffer (SPG), and the cells were sonicated on 

ice for 30 s. The resulting suspension was centrifuged for 10 min at 2,000 rpm in a Sorvall SS34 
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rotor to remove unbroken cells, and the new supernatant was centrifuged again for 30 min at 

15,000 rpm at 4 °C to collect the bacteria. The pellet was resuspended in ice-cold SPG with a 21-

gauge 2-ml syringe to dissociate aggregates, giving the final suspension of EBs used in 

subsequent infection experiments. This suspension was aliquoted and stored at −80 °C until 

ready for use. C. muridarum Nigg strain, also known as the mouse pneumonitis biovar of C. 

trachomatis (Nigg), was grown in Mycoplasma-free HeLa cells, and elementary bodies were 

harvested from infected cells 30 hrs post infection by combining cells and supernatant and 

performing a freeze thaw cycle at -80 °C, and then centrifuging at 2,000 rpm for 5 min at 4 °C to 

remove cell debris followed by a high speed centrifugation at 15,000 rpm for 45 min at 4 °C. The 

resulting pellet was resuspended in an appropriate volume of DMEM + 10% FBS medium, and 

aliquoted and stored at −80 °C until ready for use. 

 N-Acetylcysteine (NAC), glibenclamide, penicillin G, and cycloheximide were from 

Sigma. KCl was from Fisher; chloramphenicol was from Calbiochem, and Z-YVAD-fmk was 

from Biovision (Mountain View, CA). Diphenyliodonium chloride (DPI) was purchased from 

Alexis Biochemicals (Enzo Life Sciences, Plymouth Meeting, PA). Z-WEHD-fmk was 

purchased from R&D Systems (Minneapolis, MN). Parthenolide and Bay 11-7082 were from 

Biomole (Enzo Life Sciences). MG132 was Lipofectamine 2000 was purchase from Invitrogen 

(Carlsbad, CA). INPs (0341 and 0406) were kind gifts from Dr. Pia Keyser (Innate 

Pharmaceuticals, Umeå, Sweden). NLRX1, sh NLRX1 and sh Scramble constructs were kind 

gifts from Dr. Stephen E Girardin (Department of Laboratory Medicine and Pathobiology, 

University of Toronto, Toronto, Canada).  
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2.2 Cell Culture, Infection, and Treatments 

HeLa cells growing at 50% confluency on tissue culture plates (Costar, Corning, NY) 

were infected with the LGV/L2 strain of C. trachomatis at a multiplicity of infection (m.o.i.) of 

3.0, unless specified otherwise, and incubated for the indicated times in an incubator at 37 °C 

with 5% CO2. THP-1 cells were plated at 106 cells per well and infected with LGV/L2 C. 

trachomatis at a multiplicity of infection (m.o.i.) of 5.0 or infected with C. muridarum Nigg 

strain at an m.o.i. of 1.0, and incubated for 24 hrs in an incubator at 37 °C with 5% CO2. 

Treatment with inhibitors or other reagents was performed at the indicated times and 

concentrations. MEF cells growing at 100% confluency on tissue culture plates were infected 

with the LGV/L2 strain of C. trachomatis at an m.o.i. of 3.0, and incubated for 24 hrs in an 

incubator at 37 °C with 5% CO2. 

 

2.3 Generation of Cells Stably Expressing shRNA 

HeLa cells stably expressing shRNA against NLRP3 and ASC were obtained by 

transducing HeLa cells with lentiviral particles. The sequences listed in Table 2.1 were used 

separately to silence gene expression following the manufacturer’s instructions. Nontarget 

shRNA control cells were also generated using an irrelevant sequence (Sigma; catalog number 

SHC002V).  THP-1 stably expressing shRNA against NLRP3, ASC, SYK, MyD88 and Caspase-

1 were obtained by transducing THP-1 cells with lentiviral particles. The sequences listed in 

Table 2.1 were used separately to silence gene expression following the manufacturer’s 

instructions. Nontarget shRNA control cells were also generated using an irrelevant sequence 

(Sigma; catalog number SHC002V). Briefly, cells were plated at 35% confluency 24 hrs prior to 

transduction and then treated (HeLa) or not (THP-1) with 8 µg/ml hexadimethrine bromide 
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(Sigma), and then the corresponding lentiviral transduction particles were added at m.o.i. of 3 

overnight. Fresh media was added the next day, and transduced cells were selected by addition of 

media containing 2 µg/ml puromycin (Sigma). 

Table 2.1: Sequences of sh RNA used to silence gene expression 
Gene sh RNA Silencing Sequence Cat. No 

NLRP3 5’-CCGGGCGTTAGAAACACTTCAAGAACTCGAGTTCTTGAAGTGTTTCT 

AACGCTTTTTG-3’ 

NM_0048

95 

ASC 5’-CCGGCGGAAGCTCTTCAGTTTCACACTCGAGTGTGAAACTGAAGAG 

CTTCCGTTTTTG-3’ 

NM_0132

58 

MyD88 5’-CCGGCCTGTCTCTGTTCTTGAACGTCTCGAGACGTTCAAGAACAGAG 

ACAGGTTTTT-3’ 

NM_0024

68 

Syk 5’-CCGGGCAGGCCATCATCAGTCAGAACTCGAGTTCTGACTGATGATG 

GCCTGCTTTTT-3’ 

NM_0031

77 

 

 

 

 

caspase

-1 

5’-CCGGGAAGAGTTTGAGGATGATGCTCTCGAGAGCATCATCCTCAAA 

CTCTTCTTTTT-3’ 

 

 

 

 

NM_0012

23 

5’- CCGGTGTATGAATGTCTGCTGGGCACTCGAGTGCCCAGCAGACATT 

CATACATTTTT-3’ 

5’- CCGGCACACGTCTTGCTCTCATTATCTCGAGATAATGAGAGCAAGA 

CGTGTGTTTTT-3’ 

5’- CCGGCTACAACTCAATGCAATCTTTCTCGAGAAAGATTGCATTGAG 

TTGTAGTTTTT-3’ 

5’- CCGGCCAGATATACTACAACTCAATCTCGAGATTGAGTTGTAGTAT 

ATCTGGTTTTT-3’ 
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2.4 Transient Transfections of HeLa cells 

NLRX1-FLAG overexpression construct was obtained from Dr. Girardin (Tattoli et al., 

2008) was transiently transfected into HeLa cells using Lipofectamine 2000 reagent according to 

the manufacturer’s instructions. Briefly, cells were plated one day before transfection so that 

cells will be 95% confluent at the time of transfection. Lipofectamine 2000 mix was prepared by 

diluting the appropriate amount in serum-free Medium (4 µl lipofectamine / 1.6 µg DNA) and 

incubating for 5 min at room temperature. A plasmid mix was then prepared by diluting plasmid 

DNA in serum-free medium. The DNA and Lipofectamine mixes were combined, mixed gently 

and incubated for 20 minutes at room temperature. DNA-Lipofectamine complexes were then 

added drop-wise to each well containing cells and serum-free medium, and cells were then 

incubated at 37°C, 5% CO2 for 6 hrs and then cells were detached using TrypLE™ Express 

(Invitrogen) and plated to obtain 50% confluency after 18 hrs. Cells were then infected with the 

LGV/L2 strain of C. trachomatis at a multiplicity of infection (m.o.i.) of 3.0, unless specified 

otherwise, and incubated for 24 hrs in an incubator at 37 °C with 5% CO2. 

shRNA plasmid constructs were also obtained from Dr. Girardin and were used to 

generate transient knockdown of NLRX1 (shNLRX1) or control (ShScramble). Lipofectamine 

2000 was used to transfect the cells for 6 hrs as mentioned above, and then cells were split using 

TrypLE™ Express and plated to obtain 50% confluency after 18 hrs. Cells that were successfully 

transfected were selected by adding a fresh medium that contained 2 µg/ml puromycin (Sigma) 

and further incubated for 24 hrs. Cells were then infected with the LGV/L2 strain of C. 

trachomatis at an m.o.i. of 3.0 and incubated for 24 hrs in an incubator at 37 °C with 5% CO2. 
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2.5 FLICA Staining (Active caspase-1 quantitation) 

During the last hour of incubation, cells were labeled with FAM-YVAD-fmk caspase-1 

FLICATM kit (Immunochemistry, Bloomington, IN), which binds activated caspase-1. Flow 

cytometric analysis was performed according to manufacturer’s manual. In brief, cells were 

detached using TrypLETM Express and then incubated with 1x FLICA for 1 hr followed by two 

washes with FLICA wash buffer, resuspended in an appropriate volume to obtain ~ 200 – 400 

cells/µl and transferred into a 96-well plate. Flow cytometry was carried out using a Guava 

EasyCyte (Guava Technologies, Hayward,CA) with a 15 mW argon ion laser at 488 nm. 

Fluorescein was measured on the FL1 (green) channel and events falling above the first log 

(Green-H(log)) were counted as caspase-1 positive cells. 

 

2.6 Measurement of Production of ROS 

2.6.1 Dihydrocalcein-AM labeling: HeLa Cells were labeled with the cell-permeant 

ROS indicator dihydrocalcein-AM (Molecular Probes, Eugene, OR), following the 

manufacturer’s instructions. Briefly, cells were plated in phenol red-free DMEM and then 

infected and/or treated for the indicated times. Cells were detached using TrypLETM Express and 

loaded with 10 µM dihydrocalcein-AM in phosphate-buffered saline for 45 min at 37 °C, washed 

twice with PBS, then recovered in growth media for 20 min, and finally analyzed by flow 

cytometry with a Guava EasyCyte. Fluorescence was measured on the FL1 (green) channel. 

2.6.2 Dichlorodihydrofluorescein (DCF) labeling: HeLa Cells were labeled with the 

cell-permeant ROS indicator 5-(and-6)-chloromethyl-2',7'-dichlorodihydrofluorescein diacetate, 

acetyl ester (CM-H2DCFDA) (Molecular Probes), following the manufacturer’s instructions. 

Briefly, cells were plated in phenol red-free Dulbecco’s modified Eagle’s medium (Invitrogen) 
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and then infected and/or treated for the indicated times. Cells were detached using TrypLETM 

Express and loaded with 2.5 µM DCF in phosphate-buffered saline for 15 min at 37 °C, washed 

twice with PBS, then resuspended in growth media, and finally analyzed by flow cytometry with 

a Guava EasyCyte. Fluorescence was measured on the FL1 (green) channel. 

 

2.7 Western Blotting 

Samples were lysed using 1x RIPA Lysis Buffer (Millipore) with 1x protease inhibitor 

cocktail (biovision) and loaded onto a 15% SDS-polyacrylamide gel and then transferred to a 

polyvinylidene difluoride membrane (Millipore) at 30 V for 3 hrs. Blots were blocked for 1 hr 

with 5% (w/v) nonfat dried milk in TBS-Tween (TBST). The membrane was incubated 

overnight at 4 °C with 1µg/ml rabbit anti-human caspase-1 antibody (Millipore), washed three 

times with TBST (10 min each) and then incubated again with conjugated 1:2000 dilution of 

anti-rabbit IgG horseradish peroxidase (Millipore) for 1.5 hrs at room temperature followed by 

three final washes at 10 min each with TBST. For confirmation of NLRP3 depletion by RNA 

interference, a 9% gel was used, and the blot was incubated with rabbit anti-human NLRP3 

antibody (Sigma; catalog number HPA012878) at dilution 1:200 for 1 hr. Immunoreactive 

proteins were detected by adding ECL Plus Western blotting detection reagents (Amersham 

Biosciences) for 5 min following manufacturer’s instructions and chemiluminescence was 

detected using a gel doc system (Bio-Rad). 

 

2.8 Fluorescent Microscopy 

2.8.1 Mitotracker and Indirect Anti-FLAG Immunocytochemical Staining: Cells 

were grown on coverslips and then transfected with NLRX1-FLAG construct. Cells were then 
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loaded with 500 nM MitoTracker® Orange (Molecular Probes), and incubated for 45 min at 37 

°C. After washing once with PBS, cells were fixed by incubating them with PBS, pH 7.4, 

containing 4% paraformaldehyde (Sigma) and 4% sucrose (Sigma) for 15 min at room 

temperature. Fixed cells were then washed twice with PBS for 5 min, and permeabilized by 

incubation with 0.25% PBS-TRITON X-100 (Sigma), followed by two washes with PBS for 5 

min. Blocking was then done by incubation with 10% bovine serum albumin in PBS (10% 

BSA/PBS) for 30 min at 37 °C, and then probed with Monoclonal ANTI-FLAG M2 (Sigma) 

diluted 1:1000 in 3% BSA/PBS for 2 hrs at 37 °C. After three washes with PBS for 5 min, cells 

were incubated with the secondary antibody, Anti-Mouse IgG- FITC (Sigma), at a 1:1000 

dilution in 3% BSA/PBS for 45 min at 37 °C. During the last 5 min of incubation, Hoechst 3342 

stain (Sigma) was added, and then cells were washed three times with PBS for 5 min. Coverslips 

were mounted with cells side down on glass slides using a small drop of mounting medium and 

then sealed to the slides with nail polish, and finally viewed on a wide field fluorescence 

microscope (Leica, Deerfield, IL). Hoechst, NLRX1-FLAG and mitotracker were viewed on the 

blue, green and red filters respectively.   

2.8.2 Direct Anti-FLAG Immunocytochemical Staining: Cells were grown on 

coverslips and then transfected with NLRX1-FLAG construct, where they were then fixed with a 

freshly prepared mixture of methanol:acetone (1:1) for 1 minute at room temperature followed 

by four washes with TBS and incubated Monoclonal ANTI-FLAG® M2-Cy3TM, Clone M2 

(Sigma) antibody at 1 mg/ml in TBS at room temperature for 1 hr. Anti-chlamydial antibody 

(Argene, North Massapequa, NY) and Hoechst 3342 stain were added in the last 15 min and 5 

min of incubation respectively. Cells were then washed twice with TBS, mounted on a glass 

slide, sealed with nail polish and viewed by on a wide field fluorescence microscope (Leica). 
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Hoechst, Chlamydia and NLRX1-FLAG were viewed on the blue, green and red filters 

respectively. 

2.8.3 Chlamydia Quantitation: Following 24 h of infection, cells were harvested using 

a cell scraper, frozen at 80 °C, thawed, and thoroughly vortexed before titrating on a fresh 

monolayer of 50% confluent HeLa cells. Cells were then stained by Hoechst 3342 stain (Sigma) 

for 5 min and anti-chlamydial antibody (Argene) for 15 min, mounted on slides, and quantified 

by immunofluorescence on a wide field fluorescence microscope (Leica). Hoechst and 

Chlamydia were viewed on the blue and green filters respectively. Percentage of infected cells in 

each condition was calculated by counting the number of nuclei of at least 200 cells and the 

number of chlamydial inclusions.  

 

2.9 Enzyme-linked immunosorbent assay (ELISA) 

Measurement of IL-1β and TNF-α secretion from THP-1 cells was carried out using 

“Human IL1-β ELISA Ready SET Go!” and “Human TNF-α ELISA Ready SET Go!” kits 

(eBioscience, San Diego, CA). Following 24 hrs of infection with Chlamydia, supernatant from 

cultured cells was collected and stored at -80 °C for use later in the assay. ELISA plates 

(Corning, Costar) were coated with 100 µl/well of capture antibody in coating buffer sealed and 

incubated overnight at 4 °C. Wells were then washed five times with >250 µl/well wash buffer, 

blocked with 200 µl/well of 1X assay diluent, and incubated at room temperature for 1 hr. Five 

more washes were done and then 100 µl/well of standard 2-fold dilutions and 100 µl/well of 

supernatants (samples) were added to the appropriate wells, and incubated at room temperature 

for 2 hrs. Wells were washed again for five times and 100 µl/well of detection antibody was 

added and incubated at room temperature for 1 hr. After washing the wells for five times, 100 
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µl/well of Avidin-HRP was added and incubated at room temperature for 30 min. Seven washes 

were done before adding 100 µl/well of substrate solution to each well and incubating the plate at 

room temperature for 15 min. 50 µl of stop solution was added to each well and the plate was 

read at 450 nm and 570 nm (as a reference). Caspase-1 activation was measured using a human 

caspase-1 immunoassay ELISA kit (RND Systems) which is specific for the active p20 form of 

caspase-1, following manufacturer’s instructions. Briefly, 50 µl of assay diluent was added to 

each well. Followed by 100 µl of standard, control, or sample per well, and then incubated for 

1.5 hrs at room temperature, washed three times with wash buffer, and 100 µl of caspase-1 

antiserum was added to each well. After 30 min incubation at room temperature and washing, 

100 µl of caspase-1 conjugate was then added to each well and allowed to incubate for another 

30 min at room temperature. Final washes were done before the addition of 200 µl of substrate 

solution to each well and incubation for 20 min at room temperature. 50 µl of stop solution was 

finally added to each well and the optical density was measured at 450 nm using readings at 570 

nm as controls. 

 

2.10 RNA Isolation, PCR and Real Time PCR 

mRNA was isolated from cells after the indicated treatments or infections using the 

Qiagen RNeasy kit (Qiagen, Valencia, CA) following the manufacturer’s instructions. In brief, 

buffer RLT was added to cells, and vortexed for 1 min followed by addition of 70% ethanol 

before transferring the mix into the Qiagen columns. Columns were spun down at >10,000 rpm 

for 15 s and washed with RW1 buffer and then treated for 15 min with Qiagen DNAse I. Finally 

after another RW1 wash, columns were treated twice with RPE buffer and then RNA was eluted 

using RNAse free water. RNA concentration was measured using a Nanodrop (Thermo 
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Scientific, Wilmington, DE), and total RNA was converted into cDNA by standard reverse 

transcription with Taqman reverse transcriptase kit (Applied Biosystems, Foster City, CA). 

Quantitative PCR was performed with 1:50 of the cDNA preparation in the Mx3000P 

(Stratagene, La Jolla, CA) in a 25 µl final volume with Brilliant QPCR master mix (Stratagene). 

The primers sequences used are summarized in Table 2.2. 

Table 2.2: Sequences of primers used for qPCR 
Gene Forward Primer Sequence Reverse Primer Sequence 

GAPDH 5’-CTTCTCTGATGAGGCCCAAG-3’ 5’-GCAGCAAACTGGAAAGGAAG-3’ 

NLRP3 5’-CTTCCTTTCCAGTTTGCTGC-3’ 5’-TCTCGCAGTCCACTTCCTTT-3’ 

ASC 5’-AGTTTCACACCAGCCTGGAA-3’ 5’-TTTTCAAGCTGGCTTTTCGT-3’ 

Syk 5' AGAGCGAGGAGGAGCGGGTG-3' 5'-CCGCTGACCAAGTCGCAGGA-3' 

MyD88 5'AGCGCTGGCAGACAATGCGA-3' 5'-TCCGGCGGCACCTCTTTTCG-3' 

IL-1β 5’-CAGCCAATCTTCATTGCTCA-3’ 5’-TCGGAGATTCGTAGCTGGAT-3’ 

Caspase-1 5’- GCCCAAGTTTGAAGGACAAA-3’ 5’- GGTGTGGAAGAGCAGAAAGC-3’ 

 

Real time PCR included initial denaturation at 95 °C for 10 min, followed by 40 cycles of 

95 °C for 30 s, 55 °C for 1 min, 72 °C for 1 min, and one cycle of 95 °C for 1 min, 55 °C for 30 

s, 95 °C for 30 s. 

PCR amplification was carried using Qiagen Fast Cycling PCR Kit (Qiagen). The PCR 

cycling protocol for all primers was 94°C at 5 s, 55°C at 5 s, and 68°C at 15 s. The protocol was 

repeated for 45 cycles and included an initial 5-min enzyme activation step at 94°C and a final 

10-min extension step at 72°C. PCR products were separated by electrophoresis on a 2% agarose 

gel and visualized by ethidium bromide staining using a gel doc system (BioRad). 
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2.11 Statistical and Flow Cytometric Analyses 

The statistical analysis was performed using GraphPad Instat software (GraphPad 

Software Inc, La Jolla, CA) by Student’s t test and was considered significant at p < 0.05. Flow 

cytometry data were analyzed using FlowJo software (Tree Star Inc, Ashland, OR). 
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CHAPTER 3. Results 

 

3.1 Chlamydia-mediated Caspase-1 Activation in Epithelial Cells Requires the NLRP3 

Inflammasome: 

We started by investigating whether three epithelial cell lines (HeLa, Caski and HEK293) 

express transcripts of inflammasome components. Reverse transcription PCR (RT-PCR) was 

performed on RNA extracts from the three cell lines and expression of NLRP1, NLRP3, ASC 

and NLRC4 were examined. Our results showed that all three epithelial cell lines express ASC, 

NLRP1 and NLRP3. However, IPAF was expressed only in HEK293 cells, but not in HeLa or 

Caski cells (Fig. 3.1). These data demonstrate that epithelial cells express components of the 

inflammasome with the exception of NLRC4 (restricted to HEK293) indicating that these cells, 

given the right stimuli, could activate inflammasomes.  

  

Figure 3.1: Epithelial cell lines express inflammasome components. RNA extraction was performed on lysates 
from HeLa, CaSki and HEK293 cells infected or not with C. Trachomatis (L2) at m.o.i. of 3 for 24 hrs, followed by 
Reverse transcription and PCR using primers specific to human NLRP1, NLRP3, ASC and NLRC4. 
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To characterize caspase-1 activation during C. trachomatis infection, we infected human 

cervical epithelial (HeLa) cells with C. trachomatis (L2) at an m.o.i. of 3 for 12, 24, and 36 hrs. 

The 45-kDa procaspase-1 was cleaved into the active 20-kDa caspase-1 at 24 h post infection, 

and processing was further increased at 36 h post infection, as shown by   

  

Figure 3.2: C. trachomatis induces caspase-1 activation in HeLa cells. HeLa cells were infected with C. 
trachomatis at an m.o.i.  of 3 for 12, 24, and 36 hrs. A, Western blot analysis of HeLa cell lysates was performed to 
monitor caspase-1 (Casp1) activation using an antibody that detects pro-caspase-1 (p45, upper band) and active 
caspase-1 (p20, lower band). B, caspase-1 activation was quantified using fluorescent FLICACasp1 reagent and 
analyzed by flow cytometry. Nonfluorescent cells were gated in the first log-decade, and the fluorescence intensity 
was proportional to the level of caspase-1 activation. C, column chart of FLICACasp1 flow cytometry data, showing 
the % of cells with activated caspase-1 as a function of infection time. Error bars represent standard deviation (n=3). 
** indicate p < 0.01; *** indicate p < 0.001, compared with uninfected cells. 
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the disappearance of the procaspase-1 zymogen and the concomitant appearance of the 

active caspase-1 (Fig. 3.2A). Similar results were obtained when we quantified caspase-1 

activation in HeLa cells using a cell-permeable fluorescent reagent, FLICACasp1, which can 

specifically bind to the active form of caspase-1 (Fig. 3.2, B and C). Caspase-1 activation was 

barely noticeable at 12 h post infection but became significant after a day of infection (Fig. 

3.2C), in agreement with recent studies (Cheng et al., 2008).  

Next we sought to determine whether an inflammasome may be required for caspase-1 

activation. The adaptor protein ASC can be coupled to different NLR family members and 

therefore seemed likely to play a role in inflammasome activation during C. trachomatis 

infection. As NLRC4 was shown in previous studies to recognize mainly bacterial flagellin 

(Lamkanfi et al., 2009, Sutterwala and Flavell, 2009), which is not expressed in Chlamydiae 

(Stephens et al., 1998), we focused our initial attention on NLRP3. A role for either ASC or 

NLRP3 during chlamydial infection was determined by silencing NLRP3 or ASC by shRNA in 

HeLa cells. mRNA expression of either inflammasome component was significantly reduced in 

comparison with nontarget shRNA, as measured by real time PCR (Fig. 3.3A), although higher 

levels of NLRP3 protein depletion were observed by Western blotting (Fig. 3.3A). Consistent 

with a role for the NLRP3 inflammasome in caspase-1 activation, individual knockdown of 

NLRP3 or ASC caused a reduction of  ~50% in the activation of caspase-1 after 24 h of C. 

trachomatis infection, when compared with wild type HeLa cells or cells that were transfected 

with nontarget shRNA (Fig. 3.3B). The reduction of caspase-1 activation was not complete (Fig. 

3.3B) and was similar to the level of mRNA depletion by shRNA but lower than the level of 

NLRP3 protein depletion (Fig. 3.3A). These results imply that C. trachomatis infection induces 
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caspase-1 activation through a process that requires, at least partially, the assembly of the 

NLRP3 inflammasome.  
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Figure 3.3: C. trachomatis-induced caspase-1 activation requires NLRP3 inflammasome. A, HeLa cells were 
stably transfected with shRNAs that target NLRP3 or ASC, and mRNA expressions of NLRP3 (left panel) and ASC 
(right panel) were quantified by real time PCR and compared with wild type (WT) and nontarget control (sh Ctrl). 
Inset, Western blot analysis of wild type HeLa cells, cells treated with nontarget control, and cells treated with 
shNLRP3, confirming decreased expression of the NLRP3 protein after mRNA knockdown. Western blot was 
performed with an anti-NLRP3 antibody, which detects the 118-kDa protein. B, NLRP3, ASC, or nontarget control 
knockdown HeLa cells were infected with L2 at an m.o.i. of 3 for 24 h, and C. trachomatis-induced caspase-1 
activation was measured by FLICACasp1. The fold increase in caspase-1 activation in infected nontarget controls, 
shNLRP3-treated cells, and shASC-treated cells with respect to uninfected cells was compared with the increase in 
24 h-infected wild type cells. Error bars represent standard deviation of an experiment performed in triplicate on 
three separate occasions. ** indicates p < 0.01; *** indicates p < 0.001. 



 

34 

3.2 Chlamydia-Induced IL-1β Secretion Is Mediated by NLRP3 Inflammasome 

Activation 

Since epithelial cells secrete little IL-1β, and caspase-1 activation in response to 

Chlamydia infection in immune cells is required for IL-1β secretion that plays an important role 

in clearance and pathology associated with infection, we used human monocytic cell line (THP-

1) to determine whether IL-1β secretion in Chlamydia-infected cells require inflammasome 

dependent caspase-1 activation. First, we infected THP-1 cells with either of two strains of 

Chlamydia: C. trachomatis (L2) or C. muridarum (MoPn). The rationale behind using the two 

strains is that the former is a strain that infects humans and is routinely used in Chlamydia 

studies, and while the latter is a strain that infects mice, it’s been routinely used when infecting 

human monocytes, macrophages or dendritic cells due to its high infectivity of these cell types. 

Western blot analysis showed that THP-1 cells infected with either C. trachomatis (L2) at an 

m.o.i. of 5 or C. muridarum (MoPn) at an m.o.i. of 1 caused the processing of caspase-1 into its 

active form (p20) (Fig. 3.4A). Similarly, ELISA measurements of caspase-1 in the supernatant of 

infected cells showed a very significant increase in caspase-1 activation (Fig. 3.4B). These cells 

also secreted high levels of IL-1β 24 hrs post infection when ELISA measurements of IL-1β 

were performed (Fig 3.4C).   
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Figure 3.4: Chlamydiae induces caspase-1 activation in THP-1 cells. THP-1 cells treated with nontarget 
control (sh Control) were infected with C. trachomatis (L2) at an m.o.i. of 5 or C. muridarum (MoPn) at an 
m.o.i. of 1 for 24 hrs and (A) western blot analysis of the lysates was performed to monitor caspase-1 
(Casp1) activation using an antibody that detects active caspase-1 (p20); (B) caspase-1 ELISA was used to 
quantitatively measure caspase-1 activity in supernatant of cultured cells; (C) IL-1β ELISA was used to 
measure IL-1β secretion in supernatant of cultured cells.  Error bars represent standard deviation of at least 
three separate experiments. ***indicates p < 0.001) 
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As we showed previously that C. trachomatis induces NLRP3 inflammasome-dependent 

caspase-1 activation in HeLa cells using the adapter protein ASC, we also focused our attention 

on the role of NLRP3 and ASC in Chlamydia-induced caspase-1 activation and IL-1β secretion 

in THP-1 cells. Similar to what we did before, NLRP3 or ASC expression was silenced by 

shRNA in THP-1 cells. mRNA expression of either inflammasome component was significantly 

reduced in comparison with nontarget shRNA, as measured by real time PCR (Fig. 3.5A), and 

NLRP3 protein depletion was confirmed by Western blotting (Fig. 3.5A). Consistent with the 

results we demonstrated regarding NLRP3 and ASC role in Chlamydia-induced caspase-1 

activation in HeLa cells, individual knockdown of NLRP3 or ASC caused a reduction of ~45% 

in the amount of IL-1β secretion after 24 h of C. trachomatis (L2) infection (Fig. 3.5B) and C. 

muridarum (MoPn) (Fig. 3.5 C), when compared with wild type THP-1 cells or cells that were 

transfected with nontarget shRNA. The reduction of IL-1β secretion was partial (Fig. 3.5 B,C) 

because we only achieved a partial level of mRNA depletion by shRNA (Fig. 3.5F). These 

results indicate that Chlamydia infection causes IL-1β secretion through a process that requires, 

at least partially, the assembly of the NLRP3 inflammasome. 
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Figure 3.5: Chlamydia-induced IL-1β secretion requires NLRP3 inflammasome. A, THP-1 cells were stably 
transfected with shRNAs that target NLRP3 (left panel) or ASC (right panel), and mRNA expressions of NLRP3 
and ASC were quantified by real time PCR using the corresponding primers and compared with wild type (WT) 
and nontarget control (sh Ctrl). Data show one representative experiments of two: (left panel) shCtrl = 1.21 ± 0.22, 
shNLRP3 = 0.83 ± 0.04; (right panel) shCtrl = 1.19 ± 0.27, shASC = 0.51 ± 0.15. Inset, Western blot analysis of 
wild type THP-1 cells, cells treated with nontarget control, and cells treated with shNLRP3, confirming decreased 
expression of the NLRP3 protein after mRNA knockdown (one representative experiment is shown). Western blot 
was performed with an anti-NLRP3 antibody, which detects the 118-kDa protein. B,  NLRP3, ASC, or nontarget 
control knockdown THP-1 cells were infected with L2 at an m.o.i. of 5 for 24 hrs, and C. trachomatis-induced IL-
1β secretion in the supernatant was measured by ELISA. The fold increase in IL-1β secretion in infected nontarget 
controls, shNLRP3-treated cells, and shASC-treated cells with respect to uninfected cells was compared with the 
increase in 24 h-infected wild type cells. C, Same as B, but THP-1 cells were infected with MoPn at an m.o.i. of 1 
for 24 hrs. Error bars represent standard deviation of an experiment performed on three separate occasions. * 
indicates p<0.05; *** indicates p < 0.001. 
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3.3 Syk Kinase Signaling couples with NLRP3 inflammasome for inducing IL-1β release 

following Chlamydia infection.  

Spleen Tyrosine Kinase (Syk) is a non receptor protein tyrosine kinase and is expressed 

in immune and non-immune cells. Syk, through its interaction with immunoreceptor tyrosine-

based activation motifs (ITAMs)-based receptors, plays a major role in MyD88 dependent 

signaling pathways of several receptors such as FcγR, CR3, Dectin-1 and apoptotic cell-

recognizing receptor (Tohyama and Yamamura, 2009). Several recent studies have shown that 

Syk can be coupled to NLRP3 inflammasome to activate caspase-1 and induce NF-κB activation 

(Gross et al., 2009, Shio et al., 2009, Saïd-Sadier et al., 2010). Moreover, chlamydial 

translocated actin recruiting phosphoprotein (Tarp), a type three secretion (T3S) effector protein, 

has been demonstrated to be regulated by Syk phosphorylation (Mehlitz et al., 2008). 

Furthermore, two studies have shown that Chlamydia enter host cells by caveolae-like lipid raft 

domains (Norkin et al., 2001, Stuart et al., 2003), and a separate study demonstrated that Syk is 

recruited to lipid raft domains (Xu et al., 2009).To examine whether Syk is involved in NLRP3 

inflammasome activation during Chlamydia infection, we silenced Syk expression in THP-1 

cells. MyD88 expression was also silenced as a control since MyD88 is known to be required for 

the production of pro-IL-1β. mRNA expression of Syk and MyD88 was significantly reduced in 

comparison with nontarget shRNA, as measured by real time PCR (Fig. 3.6A). Individual 

knockdown of Syk or MyD88 caused a reduction of ~40% in the amount of IL-1β secretion after 

24 h of C. trachomatis (L2) infection (Fig. 3.6D) and C. muridarum (MoPn) (Fig. 3.6E), when 

compared with wild type THP-1 cells or cells that were transfected with nontarget shRNA. 

Similarly, when caspase-1 was measured by ELISA, Syk or MyD88 knock down THP-1 cells 

exhibited a reduction of ~60% in the amount of caspase-1 activation after 24 h of C. trachomatis 
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(L2) infection (Fig. 3.6B) and C. muridarum (MoPn) (Fig. 3.6C), when compared with wild type 

THP-1 cells or cells that were transfected with nontarget shRNA. These results indicate an 

unexpected yet interesting finding that caspase-1 dependent IL-1β secretion following 

Chlamydia infection requires NLRP3 coupled to Syk signalling.  
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Figure 3.6: Caspase-1 dependent IL-1β 
secretion induced following Chlamydia 
infection requires Syk signaling. A, THP-1 
cells were stably transfected with shRNAs 
that target Syk or MyD88, and mRNA 
expressions of Syk and MyD88 were 
quantified by real time PCR using the 
corresponding primers and compared with 
wild type (WT) and nontarget control (sh 
Ctrl). (left panel) shCtrl = 1.17 ± 0.25, shSyk 
= 0.27 ± 0.13; (right panel) shCtrl = 1.21± 
0.29, shMyD88 = 0.25± 0.01. Date represent 
one experiment of two. B and D, Syk, 
MyD88, or nontarget control knockdown 
THP-1 cells were infected with L2 at an 
m.o.i. of 5 for 24 hrs, and C. trachomatis-
induced caspase-1 activation (B) or IL-1β 
secretion (D) in the supernatant was measured 
by ELISA. The fold increase in IL-1β 
secretion in infected nontarget controls, 
shSyk-treated cells, and shMyD88-treated 
cells with respect to uninfected cells was 
compared with the increase in 24 hrs-infected 
sh Ctrl treated cells (B) or wild type cells (D). 
C and E, Same as B and D respectively, but 
THP-1 cells were infected with MoPn at an 
m.o.i. of 1 for 24 hrs. E, Error bars represent 
standard deviation of an experiment 
performed on three separate occasions. * 
indicates p < 0.05; ** indicates P < 0.01; *** 
indicates p < 0.001. 
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To confirm that IL-1β secretion in THP-1 cells induced following Chlamydia infection 

was dependent on caspase-1 activation, we treated THP-1 cells with caspase-1 shRNA to silence 

its expression, and real time PCR showed a partial decrease in mRNA expression when 

compared to wild type (WT) THP-1 cells or cells treated with nontarget shRNA (Sh Ctrl) (Fig. 

3.7A). Indeed, THP-1 cells treated with caspase-1 shRNA exhibited less Chlamydia- induced IL-

1β secretion when compared to WT or shCtrl cells (Fig 3.7E). The effect of caspase-1 

knockdown on IL-1β secretion was only partial because we had minimal reduction in its mRNA 

expression after treatment with caspase-1 shRNA (Fig. 3.7A), as was indicated by the partial 

reduction of caspase-1 protein (inset Fig. 3.7A) and caspase-1 activation in THP-1 cells treated 

with caspase-1 shRNA (Fig. 3.7C). We further confirmed that IL-1β secretion following 

Chlamydia infection is dependent on caspase-1 activation and NLRP3 inflammasome activation 

by using two recently described inhibitors: Parthenolide, initially known as an NF-κB inhibitor, 

is a potent inhibitor of multiple inflammasomes and a direct inhibitor of caspase-1 activity 

(Juliana et al., 2010). Bay 11-7082 is a selective inhibitor of NLRP3 inflammasome, but not of 

caspase-1 activity (Juliana et al., 2010). As expected, both parthenolide and Bay 11-7082 had a 

very significant effect on inhibiting Chlamydia-induced IL-1β secretion (Fig. 3.7D) and caspase-

1 activation (Fig. 3.7B) although Parthenolide was more potent than Bay 11-7082 in reducing IL-

1β levels owing its multiple inhibitory effects on inflammasomes and caspase-1 activity. 
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Figure 3.7: Caspase-1 activation is required for Chlamydia-induced IL-1β secretion. A, THP-1 cells were stably transfected 
with shRNAs that target caspase-1, and mRNA expressions of caspase-1 was quantified by real time PCR and compared with 
wild type (WT) and nontarget control (sh Ctrl). shCtrl = 1.39, shCasp1 = 0.82. Inset, Western blot analysis of wild type THP-1 
cells, cells treated with nontarget control, and cells treated with shCasp1, confirming decreased expression of the caspase-1 
protein. Western blot was performed with an anti-caspase-1 antibody, which detects the p20 active subunit of the enzyme. B and 
D, THP-1 cells were infected with C. trachomatis (L2) at an m.o.i. of 5 or C. muridarum (MoPn) at an m.o.i. of 1for 24 hrs and 
treated or not with 10 µM Parthenolide (Parth) or, 12 µM Bay 11-7082 (Bay 11) 3 hrs p.i. and caspase-1 activation (B) or IL-1β 
secretion (D) in the supernatant were measured by ELISA and plotted as a bar graph. C and E, Caspase-1 (Casp1) or nontarget 
control THP-1 cells were infected with L2 (m.o.i. 5) or MoPn (m.o.i. 1) for 24 hrs, and Chlamydia-induced caspase-1 activation 
(C) or IL-1β secretion (E) was measured by ELISA. The fold increase in IL-1β secretion in infected nontarget controls, shCasp1-
treated cells with respect to uninfected cells was compared with the increase in 24 hrs-infected nontarget control treated cells (C) 
or wild type cells (E). Error bars represent standard deviation from at least three separate experiments. * indicates p < 0.05; ** 
indicates p < 0.01; *** indicates p < 0.001 compared with untreated infected cells. 
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3.4 Chlamydia-induced Caspase-1 Activation and IL-1β Secretion Is Caused by ROS 

Production as a Result of K+ Efflux 

3.4.1 Mechanism of caspase-1 activation following C. trachomatis infection in 

epithelial cells. We investigated the mechanism by which C. trachomatis induces caspase-1 

activation in HeLa cells. Previous studies have shown that ATP-dependent ROS production in 

macrophages can activate caspase-1 (Cruz et al., 2007), and that asbestos and silica can activate 

the NLRP3 inflammasome by increasing ROS production (Dostert et al., 2008, Petrilli et al., 

2007). We therefore evaluated whether C. trachomatis increases ROS production in HeLa cells, 

using a commercially available fluorescent reagent, dihydrocalcein, to measure intracellular ROS 

production. Similarly to the time course for caspase-1 activation, there was essentially no ROS 

production during the first 12 hrs of chlamydial infection, but ROS production increased at 20 

hrs post infection and continued to increase at 24 hrs post infection. However, unlike the case for 

caspase-1 activation, ROS levels returned to basal levels at 36 hrs post infection (Fig. 3.8A). To 

confirm whether Chlamydia-induced ROS production may be involved in activation of caspase-

1, we used the anti-oxidant NAC, which was previously shown to inhibit caspase-1 activation 

and NLRP3 assembly (Cruz et al., 2007, Petrilli et al., 2007). Interestingly, the antioxidant NAC 

significantly diminished both ROS production and caspase-1 activation induced by 24 hrs of 

chlamydial infection (Fig. 3.8, B and C), suggesting that ROS production is upstream from 

caspase-1 activation. Besides ATP binding to the purinergic receptor, P2RX7, the NLRP3 

inflammasome can be activated by ligands as varied as asbestos, alum, monosodium urate, 

bacterial toxins, and K+ ionophores (Benko et al., 2008, Martinon et al., 2009). What all of these 

disparate ligands have in common is their ability to induce K+ efflux from cells (Franchi et al., 

2007a, Petrilli et al., 2007). Given that an older study had shown that chlamydial infection causes 
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loss of intracellular potassium (Chang and Moulder, 1978), we examined whether K+ efflux 

results in ROS production and/or caspase-1 activation during chlamydial infection. Indeed, 

specifically blocking potassium channels with glibenclamide or limiting K+ release by addition 

of extracellular potassium (KCl) was able not only to significantly reduce caspase-1 activation, 

but also to diminish ROS production induced by 24 hrs of infection with C. trachomatis (Fig. 

3.8, B and C). Thus, our results demonstrate that C. trachomatis infection leads to loss of 

intracellular potassium, which in turn causes production of ROS and subsequently caspase-1 

activation. 
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Figure 3.8: Caspase-1 activation following C. trachomatis infection is caused by K+ efflux and ROS production. A, 
HeLa cells were infected with C. trachomatis at an m.o.i. of 3 for 0, 12, 16, 20, and 24 hrs, and intracellular ROS levels were 
measured with the fluorescent dihydrocalcein reagent and analyzed by flow cytometry. Data are plotted as a line chart. B and 
C, HeLa cells were infected or not with C. trachomatis at an m.o.i. of 3 for 24 hrs, and treated or not with 10 mM NAC, 50 
µM glibenclamide (Gli), 70 mM KCl during the last 15 h of infection, or 60 µg/ml chloramphenicol (Chl), 100 µg/ml 
penicillin (Pen), 10 µg/ml cycloheximide (Cyc) during the last 6 h of infection. ROS production was quantified with 
dihydrocalcein (B), or caspase-1 activation was measured with FLICACasp1 (C). Error bars represent standard deviation from 
at least three separate experiments. * indicates p<0.05; *** indicates p<0.001 compared with uninfected cells (A) or untreated 
infected cells (B and C). 
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3.4.2 Mechanism of IL-1β secretion following Chlamydia infection in monocytic 

cells. We also investigated the mechanism by which Chlamydia induces IL-1β secretion in THP-

1 cells. To confirm whether ROS production is involved in IL-1secretion, we used the anti-

oxidant NAC, and indeed, it significantly reduced secretion of IL-1β induced by 24 hrs of C. 

trachomatis (L2) (Fig. 3.9B) and C. muridarum (MoPn) (Fig. 3.9C) infections. NAC addition 

was also able to greatly inhibit caspase-1 activation induced by chlamydial infection (Fig. 3.9A), 

suggesting that ROS production is upstream from caspase-1 induced IL-1β secretion. We also 

investigated the source of Chlamydia-induced ROS production that led to IL-1β secretion, by 

using an NADPH oxidase (NOX) inhibitor, diphenyliodonium chloride (DPI). Treatment of L2 

(Fig. 3.9B) and MoPn (Fig. 3.9C) infected cells with DPI 9 hrs post infection (p.i.) caused a 

reduction in Chlamydia-induced IL-1β secretion. Just like we showed previously that K+ is 

required for ROS-induced caspase-1 activation in HeLa cells following C. trachomatis infection, 

we examined whether K+ efflux results in IL-1β secretion during chlamydial infection. Surely, 

limiting K+ release by addition of extracellular potassium (KCl) was able to significantly reduce 

IL-1β secretion induced by 24 hrs of infection with L2 (Fig. 3.9B) and MoPn (Fig. 3.9C). Thus, 

our results demonstrate that Chlamydia infection leads to IL-1β secretion by inducing ROS 

production and loss of intracellular K+ in a caspase-1 dependent manner. 
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Figure 3.9: IL-1β secretion following 
Chlamydia infection is caused by K+ efflux 
and ROS production. A, THP-1 cells were 
infected with C. trachomatis (L2) at an m.o.i. 
of 5 or C. Muridarum (MoPn) at an m.o.i. of 
1 for 24 hrs, and treated or not with 10 mM 
NAC and caspase-1 activation was measured 
by ELISA (one representative experiment).  
B and C, THP-1 cells were infected with C. 
trachomatis (L2) at an m.o.i. of 5 (A) or C. 
Muridarum (MoPn) at an m.o.i. of 1 (B) for 
24 hrs, and treated or not with 10 mM NAC, 
250 nM diphenyliodonium chloride (DPI), 70 
mM KCl during the last 15 h of infection and 
IL-1β levels in the supernatant were 
measured by ELISA and plotted as a bar 
graph. Error bars represent standard deviation 
from at least three separate experiments. * 
indicates p < 0.05; ** indicates p < 0.01; *** 
indicates p < 0.001 compared with uninfected 
cells. 



 

48 

3.5 Caspase-1 Activation Is Required for Efficient Development of the Chlamydial 

Inclusion 

Epithelial cells (HeLa) do not secrete much IL-1β, so the significance of caspase-1 

activation in HeLa cells is not as clear as in monocytic cells (THP-1). NLRP3-dependent 

caspase-1 activation resulting from plasma membrane damage after treatment with the bacterial 

toxin, aerolysin, has been shown to play an indispensable role in promoting lipid synthesis and 

membrane repair (Gurcel et al., 2006). As this process also involved K+ efflux from the toxin-

treated cells, we investigated the possibility that caspase-1 activation may be required for 

efficient chlamydial infection. For this purpose, epithelial cells were infected with C. 

trachomatis at an m.o.i. of 3 for 24 hrs and treated with the irreversible caspase-1 inhibitor Z-

YVAD-fmk or the caspase-1/ caspase-5 inhibitor Z-WEHD-fmk for the last 15 h of infection (the 

inhibitors were added 9 hrs post infection). When the chlamydiae were retitrated on a fresh 

monolayer of epithelial cells, a dramatic decrease in the infectious activity of the chlamydiae was 

observed, especially in cell samples that were treated with the caspase-1/ caspase-5 inhibitor 

(Fig. 3.10A). Furthermore, addition of either inhibitor had a remarkable effect on the chlamydial 

inclusions: smaller, fragmented inclusions were observed in the epithelial cells treated with 

either inhibitor (Fig. 3.10B). These results suggest that caspase-1 activation is required for 

efficient chlamydial infection. 
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Figure 3.10: Caspase-1 activation is required for efficient C. trachomatis infection. HeLa cells were infected 
with C. trachomatis at an m.o.i. of 3 for 24 hrs and treated or not with two different caspase inhibitors as follows: 
100 µM caspase-1 inhibitor (Z-YVAD-fmk) or 100 µM caspase-1/caspase-5 inhibitor (Z-WEHD-fmk) at 9 h post 
infection. A, cells were harvested and retitrated on a fresh monolayer of HeLa cells for 24 h and stained with 
Hoechst 3342 stain for DNA and anti-chlamydial antibody, and infected cells were counted. B, cells were stained 
with Hoechst 3342 stain (blue) and anti-chlamydial antibody (green) and visualized on a fluorescence microscope. 
Ctrl, control. Error bars represent standard deviation of three separate experiments. ** indicates p < 0.01; *** 
indicates p < 0.001, compared with infected untreated cells. 



 

50 

3.6 Chlamydial Protein Synthesis and the T3S System Are Required for ROS 

Production and Caspase-1 Activation 

To further investigate the mechanism by which Chlamydia activates caspase-1, we 

explored the possibility that chlamydiae may secrete proteins into the host cells via T3S, leading 

to ROS production and activation of caspase-1. We first checked whether chlamydial protein 

synthesis is important for ROS production and caspase-1 activation during infection. Indeed, 

chloramphenicol (procaryotic protein synthesis inhibitor), but neither penicillin (inhibitor of 

chlamydial division) nor cycloheximide (host cell protein synthesis inhibitor), was able to 

significantly decrease ROS production and caspase-1 activation following 24 h of infection with 

C. trachomatis (Fig. 3.11, B and C). To determine whether the newly synthesized bacterial 

proteins must be secreted, we used a chemically synthesized compound that can inhibit 

chlamydial T3S (INP0341) and a closely related control compound INP (INP0406) (Slepenkin et 

al., 2007). INP0341, but not INP0406, was able to abrogate Chlamydia-induced ROS production 

in a dose-dependent manner (Fig. 3.11A). Moreover, INP0341, unlike INP0406, significantly 

diminished caspase-1 activation after 24 h of C. trachomatis infection (Fig. 3.11B). These results 

highlight the need for chlamydial T3S in causing ROS production and the subsequent activation 

of caspase-1. This also explains why Chlamydia seems to have devised a mechanism to secrete a 

specific protein that leads to ROS production that subsequently activates caspase-1 for the 

purpose of diverting lipids to its inclusion and support its growth. 
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Figure 3.11: Chlamydial T3S is responsible for ROS production and caspase-1 activation. HeLa cells were 
infected or not with C. trachomatis at an m.o.i. of 3 for 24 hrs and treated or not with 4, 16, or 25 µM T3S inhibitor 
(INP0341) or 25 µM control INP (INP0406) for 9 hrs. ROS production was quantified by staining cells with 
dihydrocalcein (A), or caspase-1 activation was measured by staining cells with FLICACasp1 (B). Error bars represent 
standard deviation of at least three separate experiments. * indicates p < 0.05; ** indicates p < 0.01; *** indicates p 
< 0.001, compared with infected untreated cells. 
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3.7 Sources of Chlamydia-Induced ROS Production in Epithelial Cells 

3.7.1 Involvement of NAPDH oxidase (NOX). Typically a host cell will produce ROS, 

mainly from NOX or mitochondrial sources, in response to bacterial infections as a defense 

mechanism to impair metabolism and growth of intracellular bacteria by inflicting damage to the 

pathogen’s lipids, proteins and nucleic acids (reviewed in (Flannagan et al., 2009)). However, In 

the case of chlamydial infection of epithelial cells, as we have previously demonstrated, 

intracellular Chlamydia, utilizing its T3S, induces the host cell to generate moderate amounts of 

ROS and subsequently causing inflammasome mediated caspase-1 activation, which could be 

used to the advantage of Chlamydia to divert host cell lipids to supplement its own growth. For 

these reasons, understanding the sources of Chlamydia-induced ROS production in the host cell 

is important in understanding chlamydial successful survival in the host cell and diversion of its 

metabolites. 

We first started by investigating whether one of the two main sources of ROS production, 

NOX, is involved in Chlamydia-induced ROS production in epithelial cells. We infected HeLa 

cells with C. trachomatis at m.o.i. of 3 for 24 hrs and treated them 9 hrs later with 

diphenyliodonium chloride (DPI), a potent and extensively used inhibitor of NOX. DPI inhibits 

NOX by accepting the electrons from the NADPH redox center of NOX, thereby creating a 

phenyl radical form of DPI. The radical could then inhibit the enzyme directly by covalent 

modifications (O'Donnell et al., 1993). NADPH in the absence of oxidase preparations is 

incapable of aInhibition of NOX by DPI caused a significant and a dose dependent reduction of 

Chlamydia-induced ROS production (Fig. 3.12A). It’s noteworthy that we used significantly less 

DPI concentrations (1-100 nM) in our study than most studies (10 µM) using DPI for NOX 

inhibition. We then tested whether the attenuation of ROS production caused by NOX inhibition 
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can lead to impaired Chlamydia growth by measuring the amount of chlamydial 16s rRNA 

produced by infected cells. Indeed, treatment of C. trachomatis infected HeLa cells with 100 nM 

DPI almost completely stopped 16s rRNA generation by 24 hours post-infection (hpi) compared 

to controls. The effect of DPI addition was again dose dependent (Fig. 3.12B). These results 

indicate that NOX is a key enzyme in ROS production induced by C. trachomatis infection, 

which in turn is essential for chlamydial growth.  
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Figure 3.12: Chlamydia-induced ROS production requires NOX in epithelial cells. A, HeLa cells were infected 
with C. trachomatis at an m.o.i. of 3 for 24 hrs and treated or not with 1, 10, 50 or 100 nM NOX inhibitor (DPI) for 
9 hrs. ROS production was quantified by staining cells with dichlorodihydrofluorescein (DCF). B, HeLa cells were 
infected or not with C. trachomatis at an m.o.i. of 3 for 24 hrs and treated or not with 5, 10, 50 or 100 nM NOX 
inhibitor (DPI) for 9 hrs. Total RNA was harvested for quantification of chlamydial 16s rRNA production using 
real-time PCR as indicated in methods. Error bars represent standard deviation of at least three separate experiments. 
* indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001, compared with infected untreated cells. 
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3.7.2 Involvement of NLRX1. Recently, a study demonstrated that NLRX1, the only 

NLR family member that translocates to the mitochondria, induces ROS production and can also 

augment ROS production induced by poly I:C, TNFα and Shigella flexneri infection (Tattoli et 

al., 2008). In order to test whether NLRX1 may play a role in Chlamydia-induced ROS 

production, we overexpressed NLRX1, using NLRX1-FLAG construct, in HeLa cells. First, we 

confirmed by immunofluorescence analysis that NLRX1 is overexpressed in HeLa cells and that 

it translocates to the mitochondria by using mouse anti-FLAG antibody and an anti-mouse FITC-

conjugated secondary antibody to detect FLAG-tagged NLRX1 and a specific mitochondrial 

stain to confirm its localization to the mitochondria (Fig. 3.13A). We also investigated whether 

C. trachomatis infection of NLRX1-overexpressing HeLa cells does not affect translocation or 

distribution of NLRX1. For this purpose, we also used immunofluorescence analysis, but 

detected FLAG-tagged NLRX1 directly using Cy3-anti-FLAG antibody and visualized 

Chlamydia using FITC-conjugated anti-chlamydial antibody. We found that chlamydial infection 

does not have noticeable effects on NLRX1 translocation or distribution (Fig. 3.13B). We then 

measured ROS production in C. trachomatis infected HeLa cells treated with Lipofectamine 

alone (control) or with NLRX1-FLAG. We demonstrated that NLRX1-overexpressing HeLa 

cells produce higher levels of ROS in response to C. trachomatis infection than wild type HeLa 

cells (Fig 3.14A). The effect of NLRX1 augmentation of ROS production was observed at 20 hrs 

and 24 hrs, but not at 16 hrs post infection (Fig. 3.14B). These date indicate that NLRX1 may be 

also involved in Chlamydia-induced ROS production in epithelial cells. 
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Figure 3.13: C. trachomatis infection does not affect NLRX1 translocation to the mitochondria. HeLa cells 
were transfected on coverslips using Lipofectamine 2000 reagent with NLRX1-FLAG constructs and infected or not 
with C. trachomatis at an m.o.i. of 3 for 24 hrs. Cells were fixed and stained with Hoechst 3342 stain (blue) , (A) 
mitotracker (red) and anti-FLAG (green); (B) Cy3-anti-FLAG (red) and anti-chlamydial antibody (green), and 
visualized on a fluorescence microscope. WT, wild type (lipofectamine only); NLRX1, NLRX1-FLAG.  
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Figure 3.14: NLRX1 overexpression augments C. trachomatis induced ROS production. HeLa cells were 
transfected using Lipofectamine 2000 reagent with NLRX1-FLAG constructs and infected or not with C. 
trachomatis at an m.o.i. of 3 for 16, 20 or 24 hrs. A, ROS production was measured by dichlorodihydrofluorescein 
(DCF) and analyzed by flow cytometry. Nonfluorescent cells were gated in the first log-decade, and the fluorescence 
intensity was proportional to the level of ROS production. B, line chart representing a time course analysis of ROS 
production analyzed by flow cytometry in conditions as in (A). Error bars represent standard deviation (n=3). * 
indicate p < 0.05 compared with WT infected cells. WT, wild type (lipofectamine only); NLRX1, NLRX1-FLAG. 
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 NLRX1 overexpression system gave a hint on the potential role of NLRX1 in C. 

trachomatis-induced ROS production. In order to further establish this role, we needed a system 

where NLRX1 is downregulated. We were able to obtain mouse embryonic fibroblasts (MEF) 

from NLRX1 knockout mice (NLRX1 KO). We infected these cells with C. trachomatis for 24 

hrs at m.o.i. of 3 and measured ROS production. Indeed, NLRX1 KO MEF cells produced 

significantly less ROS in response to chlamydial infection than wild type (WT) MEF cells (Fig. 

3.15A and B).We also silenced NLRX1 expression in HeLa cells using shRNA. mRNA 

expression of NLRX1 was significantly reduced in comparison with control shRNA (sh 

Scramble), as measured by real time PCR (Fig. 3.16C). Consistent with what we observed in 

NLRX1 KO MEF cells, knockdown of NLRX1 caused a reduction of ~50% in the production of 

ROS after 24 h of C. trachomatis infection, when compared with HeLa cells that were 

transfected with scramble shRNA (Fig. 3.16A and B). Collectively these data indicate that 

NLRX1 plays at least a partial role in generation of ROS following infection with C. 

trachomatis.  
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Figure 3.15: NLRX1 is required for C. trachomatis induced ROS production. Wild type (WT) or NLRK1 
knockout (KO) MEF cells were infected or not with C. trachomatis at an m.o.i. of 3 for 24 hrs. A, ROS production 
was measured by dichlorodihydrofluorescein (DCF) and analyzed by flow cytometry. Nonfluorescent cells were 
gated in the first log-decade, and the fluorescence intensity was proportional to the level of ROS production. B, Bar 
chart representing ROS production in C. trachomatis infected MEF cells analyzed by flow cytometry in conditions 
as in (A). Error bars represent standard deviation (n=3). **indicate p < 0.01 compared with WT infected cells. 
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Figure 3.16: NLRX1 is required for C. trachomatis induced ROS production in epithelial cells. HeLa cells were 
transfected using Lipofectamine 2000 reagent with shScramble (Control) or shNLRX1 constructs and infected or 
not with C. trachomatis at an m.o.i. of 3 for 24 hrs. A, ROS production was measured by dichlorodihydrofluorescein 
(DCF) and analyzed by flow cytometry. Nonfluorescent cells were gated in the first log-decade, and the 
fluorescence intensity was proportional to the level of ROS production. B, Bar chart representing ROS production in 
C. trachomatis infected HeLa cells analyzed by flow cytometry in conditions as in (A). C, mRNA expressions of 
NLRX1 was quantified by real time PCR and compared with shScramble (control). Inset, HeLa cells were 
transduced for 72 hrs with lentiviruses expressing either shRNA NLRX1 or shRNA Scramble (Scr), and NLRX1 
expression was determined by Western blotting using anti-NLRX1 antibody. Protein loading was controlled using 
an antitubulin antibody. *, non specific band.Error bars represent standard deviation (n=3). *indicate p < 0.05; 
***indicate P < 0.001 compared with shScramble infected cells. 
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3.7.3 NLRX1 Can Amplify ROS Production Due to Treatment with Exogenous 

Hydrogen Peroxide. Although NLRX1 is partially required for Chlamydia-induced ROS 

production, inhibition of NOX by DPI led to nearly complete abrogation of ROS production 

following chlamydial infection. This suggests that following infection, ROS is first generated by 

NOX, and the ROS then diffuses into the mitochondria, resulting in further production of ROS in 

an NLRX1-dependent fashion. To test this hypothesis, we treated wildtype and NLRX1-depleted 

HeLa cells with different concentrations of exogenous H2O2 for 45 min and measured its induced 

ROS production. In fact, addition of 75 or 100 µM H2O2 led to significantly lower ROS levels in 

NLRX1-depleted HeLa cells, compared to control cells treated with the same concentrations of 

H2O2 (Fig. 7). Higher concentrations of H2O2 caused a saturated response independent of 

NLRX1. These results suggest that moderate levels of exogenous H2O2 can indeed stimulate 

mitochondrial NLRX1 to augment ROS levels in epithelial cells. 
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Figure 3.17: Exogenous ROS leads to further ROS generation in an NLRX1 dependent manner. HeLa cells 
were transfected using Lipofectamine 2000 reagent with shScramble (Ctrl) or shNLRX1 constructs and exogenous 
hydrogen peroxide (H2O2) was added at concentrations varying from 50-400 µM for 45 min. ROS production was 
measured with DCF and analyzed by flow cytometry. Nonfluorescent cells were gated in the first log-decade, and 
the fluorescence intensity was proportional to the level of ROS production. Error bars represent standard deviation 
of at least three separate experiments. * indicates p < 0.05, shNLRX1 treated cells compared to shScramble treated 
cells. 
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CHAPTER 4. Discussion and Future Perspectives 

 

4.1 Discussion: 

Processing and secretion of the proinflammatory cytokines IL-1β and IL-18 require the 

activity of caspase-1, which in turn is activated following assembly of an inflammasome 

(Martinon and Tschopp, 2005). Infection of monocytes and macrophages by Chlamydia in vitro 

leads to IL-1β secretion, and a requirement for caspase-1 was shown (Cheng et al., 2008, 

Hackstadt et al., 1995, Lu et al., 2000, Ojcius et al., 1998c).This suggests that an inflammasome 

is assembled in monocytes and macrophages during chlamydial infection. Moreover, the 

preferred host cells for most chlamydial species and strains are epithelial cells. More specifically, 

sexually transmitted strains of C. trachomatis infect mainly epithelial cells of the urogenital tract. 

Both C. trachomatis and the murine strain, Chlamydia muridarum, were recently shown to 

activate caspase-1 in human epithelial cells (Cheng et al., 2008, Wolf et al., 2006), with a time 

course similar to that observed by us. Neither the mechanism for caspase-1 activation nor the 

consequences of caspase-1 activation for development of chlamydial infection were investigated. 

Clearance of infection of vaginally infected mice was not affected by caspase-1 deficiency in 

vivo (Cheng et al., 2008), but as caspase-1 could both inhibit infection through its role in 

secretion of IL-1β by monocytes/macrophages and enhance infection in infected epithelial cells, 

the two effects could have cancelled each other. A direct role for IL-1 in resolution of chlamydial 

infection therefore needs to be evaluated using IL-1β-deficient mice. Nonetheless, caspase-1 

deficiency did affect upper urogenital tract pathology in Chlamydia-infected mice (Cheng et al., 

2008). Here we show that infection of cervical epithelial cells with C. trachomatis leads to 

caspase-1 activation through a process that requires both inflammasome components, NLRP3 
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and ASC. On the same hand, we demonstrated that these two inflammasome components are 

also required for C. trachomatis or C. muridarum induced caspase-1 dependent IL-1β 

production. We further demonstrated that this pathway is also coupled with Syk kinase signaling. 

Other inflammasome components might also be involved in Chlamydia-induced caspase-1 

activation. Recently, NLRC4 has been shown to detect the basal body rod component of the T3S 

apparatus (rod protein), leading to caspase-1 dependent IL-1β secretion (Miao et al.). Chlamydia 

possesses a T3S apparatus, and thus NLRC4 could sense chlamydial T3S and activate caspase-1. 

In other examples of NLRP3 inflammasome activation, both K+ efflux and ROS 

production were shown to play a non-redundant role (Dostert et al., 2008, Franchi et al., 2007a, 

Petrilli et al., 2007). The link between K+ efflux and ROS production (Petrilli et al., 2007) could 

reflect plasma membrane depolarization, which is known to precede ROS production (Cameron 

et al., 1983).We show that C. trachomatis infection of epithelial cells leads to K+ efflux through 

K+-specific channels, in agreement with an older study showing that chlamydial infection causes 

K+ loss from infected cells (Chang and Moulder, 1978). K+ efflux in turn results in ROS 

production, because blocking K+ efflux with a K+-channel blocker prevents ROS production. 

Elevated ROS levels on their own were known to induce NLRP3 inflammasome or caspase-1 

activation (Cruz et al., 2007, Dostert et al., 2008, Petrilli et al., 2007), and we find that treating 

infected cells with antioxidants blocks caspase-1 activation. Similarly, we show that both C. 

trachomatis and C. muridarum induced caspase-1 activation and subsequent IL-1β secretion in 

monocytic cells requires the same mechanism we showed with epithelial cells. Blocking K+ 

efflux by adding extracellular KCl caused a reduction in the amount of IL-1β secretion and 

caspase-1 activation in response to infections with both chlamydial strains, scavenging ROS by 

using antioxidant NAC also lead to lower levels of IL-1β production and caspase-1 activation in 
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response to infections with both chlamydial strains. We further demonstrated that ROS 

production induced by chlamydial infection of monocytic cells is produced, at least partially, by 

NADPH oxidase because inhibiting NOX by DPI caused a reduction in both IL-1β levels and 

caspase-1 activation following infection with either C. trachomatis or C. muridarum.  

Several studies have demonstrated that T3S is required for different pathogens to cause 

inflammasome activation (Franchi et al., 2007b, Galle et al., 2008, Miao et al., 2006, Miao et al., 

2008, Shin and Cornelis, 2007, Sun et al., 2005, Suzuki et al., 2007), and C. trachomatis was 

known to activate caspase-1 through a T3S-dependent mechanism (Wolf et al., 2006). We find 

that both ROS production and caspase-1 activation following C. trachomatis infection of 

epithelial cells require newly synthesized chlamydial proteins, but not host-cell protein synthesis. 

We show that these newly synthesized chlamydial proteins are secreted by chlamydial T3S and 

both ROS production and caspase-1 can be blocked with a T3S inhibitor. Taken together, our 

results suggest that in epithelial cells, T3S-dependent bacterial protein secretion triggers K+ 

efflux, which leads to ROS production and subsequently NLRP3-mediated caspase-1 activation 

in Chlamydia-infected cells (Fig. 4.1). In monocytic cells, our data show that K+ efflux and ROS 

production are also required for not only NLRP3 dependent caspase-1 activation, but also for IL-

1β secretion following infections with C. trachomatis or C, mutidarum. These data further 

demonstrate that Syk signaling is also important for caspase-1 activation and IL-1β secretion 

induced following infection with these two Chlamydial strains (Fig. 4.2). 
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Figure 4.1: In epithelial cells, C. trachomatis triggers inflammasome-mediated caspase-1 activation 
through T3S-induced K+ efflux and ROS production. Following infection, chlamydiae inject virulence 
factors via the T3S apparatus into the host cell cytosol, causing loss of intracellular potassium and 
resulting in the production of ROS. Elevated ROS levels trigger the assembly of the NLRP3 
inflammasome, which subsequently activates caspase-1. Activated caspase-1 plays a role in lipid 
metabolism and glycolysis and enhances development of the chlamydiae. 
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Figure 4.2: In monocytic cells, C. trachomatis and C. muridarum trigger inflammasome-mediated caspase-1 
activation and IL-1β secretion through K+ efflux and ROS production. Following infection, chlamydiae causes 
loss of intracellular potassium and ROS production that trigger the assembly of the NLRP3 inflammasome, which is 
coupled with Syk activation that subsequently activates caspase-1, which in turn process pro-IL-1β into the secretory 
IL-1β form. 
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Although caspase-1 has been studied mainly in the context of inflammation, pyroptosis, 

and its role in processing IL-1β and IL-18, a much wider range of caspase-1 substrates has 

recently been identified through a gel proteomic approach (Shao et al., 2007). Furthermore, 

toxins that damage the plasma membrane, causing K+ efflux, also promote caspase-1-dependent 

activation of the primary regulators of membrane biogenesis, the sterol regulator element-

binding proteins (Gurcel et al., 2006). As the chlamydial inclusion diverts lipids from the host-

cell Golgi apparatus (Carabeo et al., 2003, Hackstadt et al., 1997, Hackstadt et al., 1995), we 

investigated the possibility that caspase-1 may also modulate chlamydial development. We find 

in fact that a caspase-1 inhibitor can inhibit chlamydial infection by 60%, when included during 

the last 15 h of a 24-h infection (Fig. 4.1). We found a larger effect when using an inhibitor that 

blocks both caspase-1 and caspase-5, consistent with the presence of both of these inflammatory 

caspases in an inflammasome in monocytes (Martinon et al., 2002) and the expression of both 

caspases in cervical epithelial cells (Lin et al., 2000). Although Z-WEHD-fmk also affects 

caspase-4, it may also be a more effective caspase-1 inhibitor than Z-YVAD-fmk (Thornberry et 

al., 1997). During the course of this study, another laboratory reported that Z-WEHD-fmk can 

decrease chlamydial infection in epithelial cells (Heuer et al., 2009). Thus, growth of the 

inclusion requires fragmentation of the Golgi apparatus, which is due to proteolytic cleavage of a 

Golgi matrix protein, Golgin-84. Blocking Golgin-84 cleavage with Z-WEHD-fmk prevents 

Golgi fragmentation and inhibits lipid acquisition and maturation of the chlamydial inclusion 

(Heuer et al., 2009). In uninfected cells, caspase-1 can directly cleave 41 proteins, including 

chaperones, cytoskeletal proteins, glycolytic enzymes, and translation machinery proteins (Shao 

et al., 2007). Characterization of NLRP3-dependent caspase-1 activation during chlamydial 

infection is therefore bound to uncover other effects of infection on host-cell functions, which 
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may include energy metabolism and cytoskeletal integrity. A comparison of the findings on 

Chlamydia-induced caspase-1 activation in epithelial and monocytic cells is summarized in 

Table 4.1.  

 

Table 4.1: Comparison of the findings on caspase-1 activation in epithelial and monocytic cell lines 
Caspase-1 Activation Epithelial cells (HeLa) Monocytic cells (THP-1) 

Inflammasome components required NLRP3 and ASC NLRP3 and ASC 

Leads to significant IL-1β secretion No Yes 

T3S is required Yes No evidence 

K+ efflux is required Yes Yes 

ROS is required Yes Yes 

Syk Dependent No evidence Yes 

Important for chlamydial growth Yes No evidence 

 

These findings highlight the importance of Chlamydia-induced ROS-dependent caspase-1 

activation on chlamydial development and growth. In response to bacterial infections, host cells, 

among others, generate ROS as a defense mechanism to impair metabolism and growth of 

intracellular bacteria by inflicting damage to the pathogen’s lipids, proteins and nucleic acids 

(reviewed in (Flannagan et al., 2009)). However, we show evidence that in the case of 

chlamydial infection of epithelial cells, intracellular Chlamydia modulates ROS production 

utilizing its T3S apparatus, and instructs the host cell to generate moderate amounts of ROS. 

Chlamydia can then use generated ROS for its advantage by causing inflammasome mediated 

caspase-1 activation, which in turn is used to divert host cell lipids to supplement development of 

chlamydial inclusions. Other studies have reported ROS production following chlamydial 
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infections (Azenabor et al., 2005, Boncompain et al., Kalvegren et al., 2005). Nevertheless, the 

sources of Chlamydia-induced ROS production remain to be elucidated. ROS are mainly 

generated by NOX and mitochondria. We demonstrate that ROS production following C. 

trachomatis infection of epithelial cells is generated from two sources: NOX and NLRX1-

dependent mitochondrial generation (Fig 4.3). Inhibition of NOX, almost completely abrogated 

Chlamydia-induced ROS production and chlamydial replication (determined by measurement of 

16s rRNA production) in a dose dependent manner. We further show that the mitochondria 

translocated NLR family member, NLRX1, is required for ROS production in response to 

chlamydial infections. NLRX1 overexpression in epithelial cells augments ROS production 

induced by chlamydial infection, whereas NLRX1 depletion by shRNA leads to a significant 

reduction in the amount of ROS produced. Using fibroblasts from NLRX1 knockout mice, we 

confirm the role of NLRX1 in generation of ROS following chlamydial infection because 

NLRX1 knockout cells exhibited a very significant decrease in ROS production when compared 

to wild type cells. We also provide evidence on how Chlamydia might induce NLRX1-dependent 

increase in ROS production. Our data indicate that NLRX1 is partially required for ROS 

generation following addition of moderate amounts of exogenous H2O2. This suggests that 

Chlamydia is first inducing NOX mediated ROS production, which is then diffusing into the 

mitochondrial matrix and interacting with NLRX1 and thereby inducing a further increase in 

ROS generation.  

An in vivo study by Ramsey et al. has demonstrated that deletion of a key component of 

phagocyte NOX (p47phox) leading to reduced ROS generation could resolve infection and lead 

to production of greater amounts of reactive nitrogen species (RNS) when compared to wild type 

mice infected with Chlamydia (Ramsey et al., 2001). Elevated levels of RNS following 
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chlamydial infection were essential for protection from chronic disease (Ramsey et al., 2001). 

Given that epithelial cells are capable of producing RNS by inducing eNOS, it is possible that 

Chlamydia infection of epithelial cells leads to ROS mediated decrease in RNS levels and 

thereby positively influencing chlamydial growth.  
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Figure 4.3: NADPH oxidase and NLRX1-mediated mitochondrial production of ROS in response to C. 
trachomatis infection. Following infection, chlamydiae inject virulence factors via the T3S apparatus into the host 
cell cytosol, causing loss of intracellular potassium and resulting in the production of ROS. ROS production triggered 
by chlamydial infection comes from two sources: NOX and NLRX1 mediated mitochondrial production. ROS then 
lead to NLRP3-mediated caspase-1 activation, which in turn is required for chlamydial growth.  
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4.2 Future Perspectives: 

Our data demonstrated that caspase-1 might be serving different functions in epithelial 

cells versus monocytic cells. In the non-IL-1β secreting epithelial cells, caspase-1 role seems to 

be in promoting chlamydial growth, while in monocytic cells, caspase-1 is required for IL-1β 

processing and subsequent secretion. In vivo studies are therefore essential to better understand 

the roles of caspase-1 induced following chlamydial infection. Caspase-1 knockout mice 

vaginally infected with Chlamydia exhibited a similar ability to clear infection to wild-type mice 

(Cheng et al., 2008), but as caspase-1 could both inhibit infection through its role in secretion of 

IL-1β by monocytes/macrophages and enhance infection in infected epithelial cells, the two 

effects could have cancelled each other. Nonetheless, caspase-1 deficiency did affect upper 

urogenital tract pathology in Chlamydia-infected mice (Cheng et al., 2008). Recent findings 

showed that IL-1β knockout mice demonstrated a delay in chlamydial clearance when compared 

to wild-type mice, and that IL-1β might play an important role in mediating oviduct pathology 

(Prantner et al., 2009). A direct role for IL-1 in resolution of chlamydial infection however still 

needs to be evaluated using IL-1β-deficient mice. 

Our findings that Syk signalling is required for caspase-1 dependent IL-1β secretion is an 

interesting prospect, but the mechanism of Syk action remains to be elucidated. Syk can regulate 

a chlamydial T3S effector protein (Tarp) by phosphorylation (Mehlitz et al., 2008). Therefore, 

Syk might be regulating Chlamydia-dependent caspase-1 activation by modulating chlamydial 

T3S effector proteins. Further experiments are needed to test this hypothesis. 

We provided evidence that K+ efflux is required for caspase-1 activation in epithelial 

cells, and that it precedes formation of ROS because blocking K+ efflux by addition of 

extracellular KCl or specific inhibition of K+ channels by Gli led to a significant reduction in 
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ROS production following infection. However, we need additional experiments to further 

validate this mechanism. Moreover, we faced problems when using extracellular K+ as a means 

to block K+ efflux. The normal level of intracellular K+ is ~135 mM, and to be able to 

completely block a potential K+ efflux, we need to add ~135 mM of extracellular KCl. However, 

addition of 135 mM KCl resulted in cell death due to the relatively long duration of the 

experiments, forcing us to use lower levels of KCl (70 mM) to overcome this issue. Therefore, 

direct measurement of K+ levels must be performed, where levels of intracellular K+ in cells 

infected with Chlamydia must be compared to that of uninfected cells. We have attempted to 

measure intracellular K+ levels utilizing a fluorescent probe that binds K+. However, when we 

used the fluorescent probe, PBFI (Molecular Probes, Invitrogen), following manufacturer’s 

instructions, we faced many difficulties with this technique and were not able to detect any 

changes in intracellular K+ levels even after treating cells with potent K+ ionophores. The 

problem lies in that this K+ probe can also bind, albeit with less specificity, to Na+ as well. 

Several other methods can be implemented to measure K+ levels including atomic absorbance 

spectroscopy, X-ray microanalysis and ion selective microelectrodes. X-ray microanalysis has 

been used to measure K+ concentration in epithelial cells (Warley et al., 1983), and a good 

review on the use of X-ray microanalysis for measuring cationic ions is available (Moreton, 

1981). Ion selective microelectrodes technique allows the measurement of K+ gradient across the 

cell membrane, which might be a good way to assess K+ efflux (Fozzard and Sheu, 1980). 

Atomic absorbance spectroscopy has been used in directly measuring intracellular K+ levels in 

the initial studies relating K+ efflux to inflammasome activation (Franchi et al., 2007a, 

Kahlenberg and Dubyak, 2004, Piccini et al., 2008).  



 

75 

We also showed that NOX is essential for Chlamydia induced ROS production in 

epithelial cells. However, other cell types (ex: phagocytes) have to be explored as well; 

especially that NOX has been better characterized in these cell types. Moreover, further 

experiments confirming the role of NOX in Chlamydia-induced ROS production should be done. 

Complete knockout or cells having knockdown of NOX enzyme complex subunits can be 

infected with Chlamydia and ROS level compared to wild type cells. Moreover, a recent study 

showed that NOX, along with interleukin-1 receptor (IL-1R1), can localize into plasma 

membrane lipid rafts and IL-1β can stimulate endocytosis of NOX2 (Oakley et al., 2009). It 

would be interesting to investigate whether, upon Chlamydia infection, NOX or at least some 

subunits of the enzyme complex are endocytosed along with the chlamydial elementary body 

upon entry into the host cell.  

Recently, a group demonstrated that ROS oxidizes thioredoxin (TRX)-interacting protein 

(TXNIP), which in its oxidized state interacts with NLRP3 and triggers NLRP3 inflammasome 

assembly (Zhou et al., 2010). It would be interesting to test whether Chlamydia-induced ROS 

can lead to thioredoxin oxidation and subsequently enable it to interact with NLRP3. Moreover, 

we provided evidence of a novel mechanism whereby NLRX1 is involved in an ROS 

amplification loop. We showed that NLRX1 was partially required for increased ROS production 

following the addition of exogenous H2O2 to epithelial cells. This suggests that Chlamydia 

infection is causing ROS production first from NOX enzyme complex, whereby some of the 

generated ROS are diffusing into the mitochondria and interacting with NLRX1 to cause an 

additional increase in ROS. Further experiments are required to validate this mechanism. One 

possibility is to inhibit or deplete NOX enzyme complex in cells overexpressing NLRX1, and 

then compare Chlamydia-induced ROS production in these cells with that of wild-type cells. If 
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our proposed mechanism is valid, then NOX depleted and NLRX1 overexpressing cells should 

not generate any more ROS than wild-type cells when infected with Chlamydia. It would also be 

useful to calculate the Hill’s coefficient for ROS generation following addition of exogenous 

H2O2 as this might be an explanation of how ROS diffusing into the mitochondria are 

augmenting NLRX1 dependent ROS generation. Our data suggested that ROS diffusing to the 

mitochondria might be interacting with NLRX1 and causing a subsequent increase in ROS 

production. This suggestion can be validated by building a model that predicts the amount of 

ROS augmentation by fitting data of initial ROS generation as a function of exogenous H2O2 

concentration to the Hill equation. 

Finally, our data indicated that NLRX1 is at least partially required for optimal 

chlamydial growth in human cervical epithelial cells and mouse embryonic fibroblasts. It would 

be intriguing to determine the direct effect of NLRX1 on chlamydial infection in vivo. NLRX1 

knockout mice are available, and studies on chlamydial growth, clearance and pathology must be 

undergone in vivo to evaluate the level of NLRX1 involvement in chlamydial disease.  

Chlamydia is an astute pathogen, which can evade the immune system in many ways and 

modulate host cell pathways for its own advantage in a well orchestrated and timely manner. 

Turning one of the host cell’s own defense mechanisms, ROS production, to its own advantage, 

only asserts the sad truth about Chlamydia’s success story. Although antibiotic treatments for 

chlamydial infections are fairly effective, the problem remains that chlamydial infections are 

mostly asymptomatic. Patients become aware of their infections and seek medical assistance 

only when the irreversible damage has been inflicted. Moreover, vaccine development attempts 

have been unsuccessful leading in some cases to a worsened outcome in vaccinated individuals. 

Therefore, the need for an effective vaccine or alternative treatment methods for chlamydial 
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infections is becoming more vital. Nevertheless, this objective faces many obstacles with the 

most important being the inability to engineer a mutant strain of Chlamydia. Alternative 

techniques must be sought to determine which effector protein(s) from the T3S apparatus are 

responsible for causing ROS production and caspase-1 activation following infection. Existing 

studies have investigated the expression of T3S effectors throughout the course of infection, so 

these results could be useful in narrowing down the potential T3S candidates since our results 

show that ROS production, which precedes caspase-1 activation, starts to increase between 16 

hrs and 20 hrs following infection with Chlamydia. Our studies provide a better understanding of 

the interaction between the host cell and Chlamydia, and therefore can serve as a framework for 

developing an effective vaccine. We demonstrated that ROS production and caspase-1 activation 

are essential for chlamydial growth, and therefore these mechanisms can be utilized in the 

development of a new prophylactic drug. We also showed that the naturally occurring 

compounds Parthenolide and Bay 11 can effectively inhibit Chlamydia-induced caspase-1 

activation. For example, these compounds can be used as additives in contraceptive pills.  

Our work not only contributes to the knowledge about the host cell response to 

Chlamydia infections and the pathogenesis associated with it, but it also opens the door for novel 

and alternative means to prevent this pathogen.  
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