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Abstract 
When bacterial pathogens infect their hosts, they elicit responses intended on 

containing and eliminating these invaders.  These events allow the host to produce 

antimicrobial agents and help recruit components of the immune system to help fight the 

infection.  If an invading pathogen is well adapted to the environment, it is able capable 

to subvert this anti-microbial response and may even harness it to its benefit.  The Gram-

negative bacteria Chlamydia trachomatis is one example of an intracellular pathogen 

capable of manipulating host cell signaling for its own benefit.  Infection with this 

obligate bacterial intracellular pathogen leads to the sustained activation of the small 

GTPase Ras and many of its downstream signaling components.  In particular, the 

mitogen-activated protein kinase ERK and the calcium-dependent phospholipase cPLA2 

are activated and are important for the onset of inflammatory responses during 

chlamydial infection.  In this study we tested whether activation during infection of ERK 

and cPLA2 occurred as a result of Ras signaling during infection and determined the 

relative contribution of these signaling components to chlamydial replication and 

survival.  We provide genetic and pharmacological evidence that activation of Ras, ERK 

and, to a lesser extent, cPLA2 are activated by Chlamydia in a non-canonical manner.  In 

human cell lines, inhibition of ERK or cPLA2 signaling did not adversely impact C. 

trachomatis replication.  In contrast in murine cells cPLA2, and to a lesser extent ERK, 

played a significant protective role against C. trachomatis.  Finally, we determined that 

cPLA2-deficient murine cells are permissive for C. trachomatis replication due to 
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impaired expression of β-interferon and the induction of Immunity-Related GTPases 

(IRGs) important for the containment of intracellular pathogens.  Overall, these findings 

define a previously unrecognized role for cPLA2 in the induction of cell autonomous 

immunity to Chlamydia.
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Chapter 1. Introduction 

1.1 Chlamydia and disease 

The Chlamydiae are a diverse order of parasitic, Gram-negative bacteria 

characterized by their dependence on a host cell to complete their replicative cycle as 

well as their distinct biphasic life style (Horn 2008).  Though most commonly known as 

human pathogens, chlamydial species are also pathogens and symbionts of both 

invertebrates and protozoa (Horn 2008).  All Chlamydiae share several characteristics: 

obligate-intracellular life-style, biphasic development, and small, highly conserved 

genomes (Horn 2008).  Despite this similarity, chlamydial species show a high degree of 

specificity in their host tropism as well as in their manifestations of disease (Horn 2008). 

Two Chlamydia species are exclusively human-tropic: Chlamydia trachomatis 

and Chlamydia pneumoniae.  Infections with C. trachomatis are exceptionally common, 

infecting over 90 million people per year, making it the most commonly reported 

sexually transmitted pathogen in the United States (Organization 2001; Prevention 2008).  

C. trachomatis is divided into 15 serovars, each distinct in their disease manifestation and 

tissue tropism (Carlson, Porcella et al. 2005).  For example, the LGV L2 serovar 

(Lymphogranuloma venereum rectal infection STD, common among homosexual men) 

of Chlamydia, targets the genital epitheleum, causing epididymitis, cervicitis and 

urethritis (Stamm 1999). Genital infections of Chlamydia tend to be asymptomatic, which 

complicates treatment because they often go undiagnosed.  Untreated, chlamydial 

infections of the genital epithelium can lead to pelvic inflammatory disease, ectopic 

pregnancy and infertility (Stamm 1999).  The cost associated with these types of diseases 
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is significant: in the year 2000, the health care cost of sexually acquired chlamydial 

infections for males and females in the United States, ages 15-24, was estimated at $250 

million (Chesson, Blandford et al. 2004). 

Other serovars of C. trachomatis show proclivity towards conjunctival epithelial 

tissue, causing inflammation of the conjunctivae.  This leads to inversion of the eye-

lashes, corneal scratching, and ultimately blindness (Burton and Mabey 2009).  The 

prevalence of trachoma infection is significant: an estimated 84 million people are 

actively infected wordwide, contributing to 3% of blindness cases and making it the 

leading cause of preventable blindness (Resnikoff, Pascolini et al. 2004).  The estimated 

productivity cost attributed to trachoma-caused blindness is between $2.9 and $5.3 billion 

(Burton and Mabey 2009). 

Chlamydia pneumoniae is a common respiratory tract pathogen and the frequent 

cause of community-acquired pneumonia (Kuo, Jackson et al. 1995).  Infection with C. 

pneumoniae is generally indistinguishable from other causes of pneuomonia and 

symptoms include a cough, fever and respiratory distress (Cannon, Braunwald et al. 

2005).  C. pneumoniae is extremely prevalent: estimates from sero-positive studies 

suggest that upwards of 60% of adults in the United States have been exposed (Kuo, 

Jackson et al. 1995).  Interestingly, infection with C. pneumoniae has been 

epidemiologically linked to several chronic diseases including atherosclerosis and 

multiple sclerosis (Blasi, Tarsia et al. 2009).  

There are currently no vaccines against any Chlamydia species.  Despite increases 

in surveillance, education and treatment programs, incidences of Chlamydia infection 
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continue to rise in the United States.  Continued study of this pathogen is necessary to 

develop vaccines and to assess more effective targets for medical intervention 

(Prevention 2008). 

1.2 Chlamydia pathogenesis 

1.2.1 The Chlamydia life-cycle 

The Chlamydiae are characterized by a unique, bi-phasic life cycle where the 

bacteria alternate between an inert, metabolically inactive but infective form termed the 

Elementary Body (EB), to a replicating, metabolically active, un-infective form termed 

the Reticulate Body (RB) (Fig. 1).  There are four stages of the replicative cycle: 

attachment and entry of the EB into the host cell, transition from EB to RB form, 

replication of the bacteria within the parisitophourus vacuole, transition back to infectious 

form and exit from the host cell (Abdelrahman and Belland 2005).  All Chlamydia 

species and serovars go through these steps, though the rate through which the cycle 

progresses can vary. 
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Figure 1: The Chlamydia life-cycle 

All Chlamydia species go through the same biphasic life cycle.  It begins with 
attachment of the metabolically inert Elementary Body (EB) to the outside of the 
cell.  The EB forces phagocytosis and then immediately transitions into the 
replicating Reticulate Body (RB) form.  The inclusion traffics to the perinuclear 
region and expands as RBs replicate.  As the cycle completes, the RBs transition 
back into EBs and the cell lyses to release the EBs to begin the cycle again. 
 

Attachment and entry 

EBs possesses highly condensed chromosomes and cross-linked outer membrane 

proteins for stability and robustness outside of the host cell before invasion 

(Abdelrahman and Belland 2005).  The initial attachment of the EB to host cells occurs 

through an electrostatic association and binding to heparan sulphate-like 

glycosaminoglycans (Wuppermann, Hegemann et al. 2001).  Despite much effort, no 

specific receptor for Chlamydia has been discovered (Dautry-Varsat, Subtil et al. 2005).  
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It is likely that Chlamydia is capable of interacting with more than one receptor as they 

show some degree of promiscuity in infectious capability – in tissue culture settings 

human Chlamydia trachomatis is capable of infecting multiple cell types including 

Drosophila cells (Elwell and Engel 2005).  Once the EB has attached to the host cell it 

induces its endocytic uptake partly by inducing actin rearrangement mediated by secreted 

bacterial proteins (Dautry-Varsat, Subtil et al. 2005). 

EB to RB transition 

Immediately following endocytosis, EBs transition into RBs, which are larger in 

size, metabolically active and non-infectious (Abdelrahman and Belland 2005).  The 

transition into RBs is characterized by disruption of the DNA-histone interaction that 

exists in EBs.  The expression of early genes by Chlamydia during the initial stages of 

infection are likely the result of carry-over mRNA packaged in EBs (Abdelrahman and 

Belland 2005). 

Replication and inclusion growth 

Replication of the RB form occurs via binary fission (Abdelrahman and Belland 

2005).  During this time the bacteria actively modifies its parisitophororous vacuole, 

termed an “inclusion”.  Though initially marked by the host plasma membrane, the 

resulting membrane of the developing inclusion has few host-derived markers quickly 

after entry (Taraska, Ward et al. 1996; Scidmore, Fischer et al. 2003).  As the inclusion 

develops, the bacteria secretes numerous effectors into the cytoplasm and into the 

inclusion membrane, allowing it to alter host cell functions to its advantage (Fields and 

Hackstadt 2002; Betts, Wolf et al. 2009). 
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RB to EB transition and exit 

The transition of RBs back to the metabolically inactive, infectious form of the 

bacteria occurs in an asynchronous fashion.  Although there are several theories as to 

what are the signals for this transition, no consensus exists (Abdelrahman and Belland 

2005).  One theory involves the dissociation the Type Three Secretion System (TTSS) 

from the inclusion membrane as RB’s detach from the inclusion membrane may trigger 

the transition to start occurring (Bavoil, Hsia et al. 2000).  This stage is also characterized 

by changes in bacterial gene expression, outer membrane complex formation, preloading 

of the TTSS and chromosome condensation (Shaw, Dooley et al. 2000; Belland, Zhong et 

al. 2003; Abdelrahman and Belland 2005). 

1.2.2 Cell Biology of Chlamydia Infections 

During infection Chlamydia interacts intimately with its host cell not only to 

facilitate replication, but also to avoid its clearance by host cell immune processes.  

During the infectious cycle, the bacteria manipulate host vesicle trafficking, potentiate 

cytoskeletal remodeling, associate with a variety of organelles, and alter many host cell 

signaling processes (Fields and Hackstadt 2002). 

1.2.2.1 Establishing an inclusion and re-routing of vesicular traffic 

After endocytosis, the newly formed inclusion escapes normal endosomal 

processing and displays no markers of either endosomes or lysosomes (Fields and 

Hackstadt 2002).  Soon after entry, the nacent inclusion migrates to the peri-nuclear 

region of host cell using the microtubule-based motor protein dynein (Grieshaber, Fischer 

et al. 2004). 
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Although the inclusion does not fuse with endosomes or lysosomes, it is still 

capable of interacting with various members of membrane trafficking pathways.  By 

intercepting exocytic traffic, the bacteria are able to acquire nutrients from the cell.  The 

primary regulators of membrane vesicle transport, organelle identity and fusion are the 

RAB GTPases (Stenmark 2009).  Several Rab proteins associate with the inclusion 

(Rzomp, Scholtes et al. 2003) and are postulated to govern the interaction between the 

inclusion, vesicular trafficking pathway and host organelles.  The inclusion acquires 

markers of Golgi-associated vesicles (RAB 1, 4, 11) but does not show any markers of 

recycling, early or late endosomes (RAB 5, 7, 9) (Rzomp, Scholtes et al. 2003).  

The specific means by which Chlamydia recruits Rab proteins to the inclusion are 

not fully understood, but interactions between Rab proteins and bacterial proteins at the 

inclusion membrane have been described.  The C. trachomatis protein CT229 specifically 

interacts with GTP bound RAB4 (Rzomp, Moorhead et al. 2006).  The C. pneumoniae 

protein Cpn0585 was shown to interact with RABs 1, 10, and 11 (Cortes, Rzomp et al. 

2007).  In both of these cases, the bacterial protein only interacted with the RAB proteins 

in their active, GTP bound state, suggesting that these bacterial bound RAB proteins are 

active complexes (Betts, Wolf et al. 2009). 

Chlamydia also alters host vesicle trafficking by targeting soluble NSF-sensitive 

attachment receptor (SNARE) proteins which regulate membrane interaction (Betts, Wolf 

et al. 2009).  Several Chlamydia inclusion membrane (Inc) proteins have been identified 

that have SNARE-like motifs, indicating possible molecular mimicry (Delevoye, Nilges 

et al. 2008).  IncA and CT813 can directly bind to host SNAREs in vitro, possibly 
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indicating a role in the recruitment of SNARE-containing vesicles to the inclusion 

membrane (Delevoye, Nilges et al. 2008). 

1.2.2.2 Cytoskeletal manipulations 

In addition to modifying host cell vesicle trafficking, the Chlamydiae also 

manipulate the host cytoskeleton.  The first instance of this takes place is during entry, 

when Chlamydia is capable of inducing actin polymerization in order to force entry into 

the cell (Coombes and Mahony 2002; Carabeo, Grieshaber et al. 2004; Carabeo, Dooley 

et al. 2007; Jewett, Dooley et al. 2008).  The established inclusion is also capable of 

disrupting normal cytoskeleton processes such as microtubule formation.  The C. 

pneumoniae protein CopN disrupts microtubule formation and inhibits spindle pole body 

formation (Huang, Lesser et al. 2008).  This disruption in spindle pole body formation 

may contribute to the interruptions in the normal cell cycle found during Chlamydia 

infections (Balsara, Misaghi et al. 2006).  Additionally, in order to maintain structural 

integrity of the inclusions, Chlamydia modifies host F-actin and intermediate filaments 

by constructing a scaffold of host cytoskeletal elements around the inclusion (Kumar and 

Valdivia 2008).  This framework may not only provide structural integrity but also 

protect the contents of the inclusion from exposure to the cytosol.   

1.2.2.3 Cell signaling during Chlamydia infections 

An emerging theme in the study of Chlamydia cell biology is the ability of the 

bacteria to manipulate host cell signaling pathways to its advantage.  This may come in 

the form of activating certain pathways (e.g. inflammation) or down-regulating others 
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(e.g. apoptosis).  Chlamydia’s capacity to bend host communication networks to its 

advantage is an example of the close relationship that this pathogen has with its host cell. 

Host cell signaling and chlamydial entry 

The first instance of host cell signaling manipulation during infection happens 

during the invasion process, when several cell signaling pathways are activated (Dautry-

Varsat, Subtil et al. 2005).  C. pneumoniae activates the phosphoinositide 3-kinase 

(PI3K) and mitogen activated ERK kinase/extracellular signal-related kinase 

(MEK/ERK) cascades to facilitate entry (Coombes and Mahony 2002).   Inhibition of 

these signaling events prevents entry of the C. pneumoniae EB into cells.  During C. 

trachomatis entry, bacterial proteins affect Rac1-dependent remodeling of actin to 

facilitate the entry of EBs into cells (Carabeo, Grieshaber et al. 2004).  One of the 

bacterial proteins responsible for these events has been identified: translocated actin 

recruiting phosphoprotein (TARP).  TARP is thought to play a critical role in Rac-1 

dependent remodeling during Chlamydia endocytosis. 

 TARP is present in all strains of pathogenic Chlamydia (Betts, Wolf et al. 2009).  

It is secreted into host cells via the Type Three Secretion System (TTSS), a type of 

molecular syringe used to inject bacterial factors into host cells.  Once secreted, TARP is 

phosphorylated by host cell SRC (v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene 

homolog) and ABL (Abelson murine leukemia viral oncogene homolog) kinases (Elwell 

and Engel 2005; Jewett, Dooley et al. 2008).  Phosphorylated TARP recruits the Guanine 

Exchange Factors (GEFs) Sos1 and Vav2, which activate Rac1, leading to ARP2/3 
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complex activation and actin rearrangement (Carabeo, Dooley et al. 2007).  TARP can 

also bind actin directly and promote F-actin nucleation (Jewett, Dooley et al. 2008). 

Host cell signaling and inflammation 

Inflammation is one of the hallmarks of chlamydial disease (Stephens 2003).  

Much of the tissue damage associated with Chlamydia is attributed to the severe and 

chronic inflammation that persists throughout infection.  This localized inflammation is 

thought to originate from the Chlamydia infected cells themselves actively secrete pro-

inflammatory factors.  Examples of pro-inflammatory molecules involved in chlamydial 

infection are interleukin (IL)-1α, IL-1β, IL-6, IL-8, IL-18, tumor necrosis factor alpha 

(TNF-α) and beta interferon (IFN-β) (reviewed in (Stephens 2003; Roan and Starnbach 

2008)).   

The molecular basis for inflammation in C. trachomatis infection involves several 

signaling pathways.  IL-8 is the most highly transcribed cytokine and there has been 

much focus on the molecular mechanism through which this occurs (Stephens 2003).  IL-

8 secretion was first tied to NF-κB (nuclear factor kappa-light-chain-enhancer of 

activated B cells) signaling: when NF-κB signaling is inhibited using a dominant 

negative construct, infected cells show decreased levels of IL-8 mRNA expression 

(Buchholz and Stephens 2006).  IL-8 expression has also been linked to the MEK/ERK 

signaling pathway both directly and indirectly.  Direct signaling through ERK appears to 

significantly control IL-8 expression and therefore secretion. Buccholz and Stephens 

showed that in the presence of ERK phosphorylation inhibitors, IL-8 secretion was 

abolished and that expression of IL-8 was dependent on ERK only but not other MAPKs 
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(Buchholz and Stephens 2007). MEK/ERK activation also contributes indirectly to IL-8 

secretion. During infection, ERK activates cytosolic phospholipase A2 (cPLA2) by direct 

phosphorylation (Su, McClarty et al. 2004).  cPLA2 activation leads to arachidonic acid 

(AA) production which is then converted to prostaglandin E2 (PGE2) by cyclooxygenase 

2 (COX2) (Fukuda, Lad et al. 2005).  Fukuda et al showed that COX2 expression is 

increased in infected cells, that infected cells secrete prostaglandins and  that PGE2 is 

capable of inducing ERK activation in uninfected cells (Fukuda, Lad et al. 2005).   

In addition to NFκB and MEK/ERK, two other factors influence IL-8 secretion 

during infection.  Nuclear translocation of IL-1α (Cheng, Shivshankar et al. 2008) and 

the pattern recognition receptor (PRR) NOD1 (nucleotide-binding oligomerization 

domain) (Buchholz and Stephens 2008) both activate IL-8 production independent of 

ERK.  Both of these results suggest that multiple pathways are at work in the IL-8 

transcriptional response during C. trachomatis infection, yet how these three signaling 

pathways interact with each other is currently unknown. 

Host cell signaling and chlamydial nutrient acquisition 

Activation of the MEK/ERK signaling pathway has been implicated in cytokine 

secretion and nutrient acquisition.  Phosphorylation of cPLA2 via ERK has been reported 

in two studies (Su, McClarty et al. 2004; Fukuda, Lad et al. 2005).  In addition to 

contributing to IL-8 secretion through production of AA (arachidonic acid), Su et al 

showed that Chlamydia are dependent on cPLA2 activity to produce lysosphospholipids 

from host derived phospholipids and that pharmacological inhibition of cPLA2 severely 

limited growth of Chlamydia (Su, McClarty et al. 2004).  Su et al also showed that 
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activation of cPLA2 occurs down-stream of canonical Ras signaling pathway: they 

observed activation of Ras, Raf, MEK and ERK in Chlamydia infected cells.  Inhibition 

of parts of this pathway (specifically Raf pharmacologically, and MEK/ERK genetically 

and pharmacologically) prevented the phosphorylation of cPLA2 (Su, McClarty et al. 

2004).  Interestingly, ERK inhibitors completely abolished phosphorylation of cPLA2 but 

did not have as severe of an impact on chlamydial growth as the cPLA2 inhibitor did, 

suggesting that cPLA2 phosphorylation may not be essential for growth (Su, McClarty et 

al. 2004; Buchholz and Stephens 2006).  

Host cell signaling and its contribution to the anti-apoptotic effect of Chlamydia 

infections 

There are obvious advantages to bacterial regulation of host programmed cell 

death during infection.  It is postulated that Chlamydia regulates apoptosis in a temporal 

manner, inhibiting apoptosis early in infection to prevent cell death before the replicative 

cycle is complete, then turning on apoptosis later in infection to facilitate host cell death 

and EB propagation (Byrne and Ojcius 2004). 

Apoptosis signaling is impaired in Chlamydia infected cells, primarily through 

degradation of BH3-only proteins that prevent the cell signaling cascade responsible for 

cytochrome C release, which results in apoptosis (Dong, Pirbhai et al. 2005; Ying, 

Seiffert et al. 2005).  There has been some controversy as to the extent to which this 

occurs, since some reports have shown no decrease in BH3-only proteins during infection 

(Rajalingam, Sharma et al. 2008).  In addition to the degradation of BH3-only proteins, 

Chlamydia infection also leads to stabilization of the Inhibitor of Apoptosis complex 
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(IAP).  IAP proteins generally function upstream of caspases to inhibit their pro-apoptotic  

activity.  During Chlamydia infection, IAP proteins are increased in abundance and their 

functional complex is stabilized (Rajalingam, Sharma et al. 2006). 

In addition to degradation of BH3-only proteins and stabilization of IAP 

complexes, Chlamydia modulates two additional host cell-signaling pathways to inhibit 

apoptosis.  Verkebe et al showed that activation of the PI3K pathway and subsequent 

phosphorylation of the signaling protein Akt was necessary for apoptosis inhibition 

(Verbeke, Welter-Stahl et al. 2006).  Akt phosphorylates and inactivates the pro-apoptotic 

BH3-only protein BAD. Phosphorylated BAD is recruited to the inclusion membrane, 

which sequesters it from the mitochondria, where it normally induces cytochrome C 

release during apoptosis.  Activation of MEK/ERK signaling also appears to contribute to 

apoptosis resistance during infection.  Rajalingman et al showed that an increase in the 

synthesis of the anti-apoptotic protein Mcl-1 during infection is ERK-dependent 

(Rajalingam, Sharma et al. 2008).  Interestingly, the PI3K pathway also plays a role in 

Mcl-1 mediated anti-apoptosis: inhibitors to the PI3K affected the stabilization of Mcl-1 

and allowed apoptosis sensitivity (Rajalingam, Sharma et al. 2008).  Therefore, the Mcl-1 

mediated anti-apoptotic effect is modulated by two cell-signaling pathways during 

Chlamydia infection. 

Host cell signaling and immune-evasion by Chlamydia 

While Chlamydia induces the secretion of pro-inflammatory cytokines during 

infection, it also possesses mechanisms to limit the hyper-activation of immune 

responses. Chlamydia affects immune signaling by modulating NF-κB.  NF-κB is an 
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important transcriptional factor responsible for a plethora of cellular functions, including 

several parts of host innate and adaptive immunity (Hayden, West et al. 2006).   

NF-κB activates numerous pro-inflammatory genes.  During classical NF-κB 

signaling, the NF-κB complex is sequestered in the cytosol through binding with the 

protein IκBα.  Upon receiving an activation stimulus, the IKK complex phosphorylates 

IκBα.  Once IκBα is phosphorylated it is targeted for ubiquitination and subsequent 

degradation.  Freed from cytosolic sequestration by IκBα, NF-κB translocates to the 

nucleus and initiates transcription of its target genes (reviewed in (Hayden, West et al. 

2006)). 

There are two means by which Chlamydia affects NF-κB signaling: prevention of 

ubiquitination of IκBα through Chlamydia protein ChlaDub1 and degradation of NF-κB 

component RelA by Chlamydia protein CT441. 

Chlamydia proteins ChlaDub1 and ChlaDub2 were identified in a screen looking 

for chlamydial proteins that possess de-ubiquitinating and de-adenylating activity 

(Misaghi, Balsara et al. 2006).  When ectopically expressed, ChlaDub1 binds to IκBα 

and prevents its ubiquitination and subsequent degradation, maintaining NF-κB 

sequestration in the cytosol and preventing downstream transcription events (Le Negrate, 

Krieg et al. 2008), though this has not yet been demonstrated during infection. 

In addition to stabilizing NF-κB cytosolic sequestration, Chlamydia also appears 

to target subunits of the NF-κB complex for degradation.  Classically, NF-κB is 

composed of two subunits: RelA and p50.  Infection with C. trachomatis leads to 

proteolysis of RelA which results in an inactive p22/p40 complex (Lad, Li et al. 2007).  
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The Chlamydia protein Ct441, a predicted tail-specific protease, was found to be 

responsible for degradation of this subunit (Lad, Yang et al. 2007).  When ectopically 

expressed, CT441 was capable of preventing NF-κB activation by TNF-α treatment (Lad, 

Yang et al. 2007).  This data suggests that Chlamydia possesses the ability to directly 

target members of host cell signaling pathways with the intent of altering the host’s 

ability to specifically initiate innate immune defenses. 

1.3 The Erk signaling “node” in Chlamydia infection 

The work highlighted here illustrates the great strides that have been made in 

understand Chlamydia cell biology, especially as it pertains to control of host cell 

signaling pathways.  While many of the pathways critical for Chlamydia infection have 

been identified, there are still many questions pertaining to the specifics involved in these 

manipulations.  ERK, specifically, has come to the forefront as a critical signaling 

molecule for the control of several key events during infection.  Thus far only small 

attention has been paid to the means through which these cascades are initiated.  I first 

sought to outline the events necessary for the initiation of ERK signaling during 

infection, especially as it relates to Ras.  We found that ERK is not activated in a 

canonical fashion previously hypothesized and is activated independently of Ras.  

Additionally, we found a novel role for the ERK target cPLA2 in cell autonomous innate 

immunity in mice. 
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Chapter 2. Ras activation during infection with 
Chlamydia trachomatis 

2.1 Summary/Rationale 

The signaling molecule ERK has emerged as a focal point of signaling during 

Chlamydia infection.  It has been identified as a key regulator of bacterial nutrient 

acquisition (Su, McClarty et al. 2004), inflammatory IL-8 secretion (Fukuda, Lad et al. 

2005; Buchholz and Stephens 2007) and anti-apoptosis regulation (Rajalingam, Sharma 

et al. 2008).  The observed activation of Ras signaling components upstream of ERK has 

led to a model in which canonical Ras signaling is responsible for activation of ERK and 

its downstream effectors (Su, McClarty et al. 2004). While some studies have evaluated 

the possibility of other signaling pathways intersecting with ERK (Buchholz and 

Stephens 2008) none have attempted to dissect the role that Ras is playing in ERK 

activation during Chlamydia infection.  The purpose of this section is to describe the 

activation of Ras in infected cells and determine the extent to which ERK is activated 

downstream of Ras via the canonical signaling pathway.  We used both pharmacological 

and genetic approaches that show that Ras signaling is independent of ERK activation 

and that their activation appears to be uncoupled during infection. 

2.2 Introduction 

2.2.1 Ras Signaling 

 Ras proteins are membrane-bound guanosine triphosphate (GTP)/guanine 

diphosphate (GDP)-binding proteins that transduce a wide variety of extracellular signals 

to the cytoplasm of the cell (Donovan, Shannon et al. 2002). When the extracellular 
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receptors bind their ligand, guanine nucleotide exchange factors (GEF) exchange GDP 

for GTP and activate Ras, allowing it to activate downstream effectors (Schubbert, 

Shannon et al. 2007).  The predominant pathways activated downstream of Ras are: Raf 

serine/threonine kinases (proliferation), phosphatidyinositol-3-kinase (PI3K) (cell 

survival) and Ral-specific guanine nucleotide exchange factors (RalGEFs) (vesicle 

trafficking).  Deregulation of Ras signaling pathways are common in many human 

cancers (Sahai and Marshall 2002).  Each of the effectors mentioned above has been 

shown to play important roles in various parts of tumor genesis and maintenance 

(Schubbert, Shannon et al. 2007).  

2.2.2 Raf-MEK-ERK signaling 

The Raf-MEK-ERK signaling arm of the Ras pathway is the best characterized of 

the three main effector pathways (Repasky, Chenette et al. 2004).  Raf proteins are 

phosphorylated downstream of activated Ras.  Once active, Raf in turn phosphorylates 

mitogen-activated protein kinases 1 and 2 (MEK 1 and 2), which then phosphorylate 

mitogen-activated protein kinases 1 and 2 (ERK 1 and 2) (Fig. 2).  Activated ERK1/2 is 

the primary workhorse of the Raf/MEK/ERK pathway and acts on multiple cytosolic and 

nuclear substrates including Elk1, Pla2, c-JUN and c-FOS to control a wide array of 

cellular processes (Krauss 2000). 



 

18 

 

Figure 2: Ras signaling 

When growth factors bind cell surface receptors, inactive Ras exchanges a GDP 
for a GTP and downstream effectors are activated.  The three primary arms of the 
Ras pathway are highlighted in this figure.  The Raf/MEK/ERK cascade 
determines proliferation and is commonly misregulated in cancer.  The PI3K/Akt 
pathway is often associated with cell survival.  The third arm highlighted here are 
the RalGEFs.  Activation of Ral A/B are associated with changes in vesicle 
trafficking and cell transformation (Roberts and Der 2007) 
 
 

2.2.3 Isoforms of the Ras protein 

There are three isofororms of Ras: H-Ras, K-Ras and N-Ras (Omerovic, 

Hammond et al. 2008).  They share almost complete sequence identity except for their 

unique C-terminal regions, where they share less than 15% sequence homology. In order 

to properly activate in the presence of a signal, Ras proteins must be anchored to 
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membranes.  To facilitate membrane anchoring, all Ras proteins are farnesylated (Roberts 

and Der 2007). In addition, N and K Ras can be alternatively processed by 

geranylgenarnylation in the absence of farnesylation (Roberts and Der 2007).  While they 

were originally thought to be functionally redundant, recent data suggests that the three 

isoforms have distinct signaling roles (Omerovic, Hammond et al. 2008).  Different 

isoforms of Ras have been shown to preferentially signal from different membrane 

compartments within the cell.  For example, H and N Ras can signal not only on the 

plasma membrane, but also on the Golgi, while K-ras is capable of signaling on the ER.  

This differential localization is thought to perpetuate different signaling functions of Ras 

(Omerovic and Prior 2009).  

2.2.4 The MAPK pathway and pathogens 

Many DNA-viruses activate the MAPK pathway.  DNA viruses rely on host DNA 

synthesis machinery to replicate.  Many induce infected cells into a proliferative state via 

activation of Ras/MEK/ERK to increase the activity of this machinery (e.g. Hepatitis B) 

(Pleschka 2008).  Some RNA viruses (e.g. influenza) manipulate the PI3K/AKT pathway 

to promote cell survival and downregulate innate immune responses (Pleschka 2008).  

Bacterial pathogens such as Chlamydia are also capable manipulating the MAPK 

pathway during infection (Shan, He et al. 2007). Phosphorylation of ERK contributes to 

cytokine secretion, apoptosis inhibition and nutrient uptake (Su, McClarty et al. 2004; 

Buchholz and Stephens 2007; Rajalingam, Sharma et al. 2008).  Other bacteria, like 

Salmonella, can inhibit the MAPK pathway.  The Salmonella effector SptP inhibits 



 

20 

MAPK by interfering with Raf and preventing phosporylation of ERK (Shan, He et al. 

2007). 

The importance of the Ras/MEK/ERK pathway and specifically ERK for C. 

trachomatis is highlighted by its involvement in three processes: IL-8 expression, 

acquisition of lipids and inhibition of apoptosis (Su, McClarty et al. 2004; Buchholz and 

Stephens 2006; Verbeke, Welter-Stahl et al. 2006; Rajalingam, Sharma et al. 2008).  The 

purpose of the work described here was to assess whether Ras was required in ERK 

activation during Chlamydia infection. 

2.3 Materials and Methods 

Strains, Infections and Cell Culture Reagents 

HeLa, Hep2 and 293T cells were obtained from ATCC and passaged in DMEM 

supplemented with 10% Fetal Bovine Serum (Gibco).  HEK-t/TH cells were derived as 

described in (O'Hayer and Counter 2006) (provided by Christopher Counter DUMC).  All 

cells were maintained in a 37oC incubator with 5% CO2.  Chlamydia trachomatis serovar 

LGV-L2 was propagated in HeLa or Hep2 cells.  EBs were purified as previously 

described and stored in SPG buffer (0.25 M sucrose, 10 mM sodium phosphate, 5 mM 

L‐glutamic acid) (Caldwell, Kromhout et al. 1981).  For infections, EBs were diluted in 

complete cell culture media and added to cells at an MOI of 1 unless otherwise noted.  

Bacteria and cells were centrifuged at 1600 x g for 30 minutes at 4oC.  For experiments 

using inhibitors, the media was changed 30 minutes after infection with complete cell 

culture media including inhibitors and infection was allowed to proceed to the prescribed 

time.  Epidermal Growth Factor (EGF) (Sigma) was used at a concentration of 1-10 
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ng/mL for 5 minutes.  Puromycin (Sigma) was used at a concentration of 1-2 µg/mL 

depending on cell line.   

Inhibitors 

MEK 1/2 inhibitor U0126 was obtained from Cell Signaling Technologies 

(#9903) and was used at a concentration of 10 µM.  Farnesyl transferase inhibitor L-

744,832 (Calbiochem 422720) was used at a concentration of 10 µM.  All inhibitors were 

diluted in DMSO to create stock solutions and stored at -80oC.   

Virus Production 

The pBabe retroviral system was used for stable cell line generation (Morgenstern 

and Land 1990).   Packaging plasmid (pCL-10A1) and transfer vector (pBabe) were 

transfected in a 1:1 ratio using Fugene6 (Roche Applied Science) as per manufacturers 

instructions into 293t cells obtained from ATCC, seeded at 40-50% confluence in 10 cm 

tissue culture plates (O'Hayer and Counter 2006).  Media was changed 24 hours post-

transfection.   Virus was collected 40 hours post transfection, filtered with 0.45 µM filters 

(Whatman) and placed directly onto target cells at 40-50% confluence or frozen at -80oC 

for future use.  Polyclonal populations were selected with puromycin 24 hours post 

transduction. 

Plasmids and Constructs 

The RBD-GFP-CDNA5 and H-Ras(wt)-CDNA5 were obtained from Mark 

Phillips (NYU).  H-Ras(17N) was made from H-Ras(wt)-CDNA5 by site directed 

Quickchange PCR mutagenesis.  pCL-10A1 for retroviral packaging of pBabe constructs 
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and pGEX-RafBD for Ras-GTP experiments were obtained from Chris Counter 

(DUMC).  pCDNA5-EGFP was constructed in our laboratory (RH Valdivia). 

Ras-GTP Pulldown Assays 

Levels of GTP-bound Ras were assessed as previously described (de Rooij and 

Bos 1997).  Cell lysates from experimental cells were incubated with glutathione-agarose 

beads bound to recombinant glutathione S- transferase (GST) fused to the Ras Binding 

Domain (RBD) of Raf, which binds Ras only in its GTP-bound state.  A single colony of 

E. coli expressing pGEX-RafBD plasmid was grown in 15 ml cultures overnight in LB 

broth containing ampicillin (100 µg/ml) with agitation at 37oC.  This suspension was 

diluted into 500 ml of LB broth containing ampicillin and incubated with agitation for 3 

hours.  The bacteria were collected via centrifugation at 6000 x g for 15 minutes at room 

temperature and washed once with cold PBS to remove trace amounts of LB.  The pellet 

was lysed in PBST buffer (PBS ph 7.4, 1% Triton X-100, 1% aprotinin, 1 mM PMSF, 0.5 

mM DTT) by sonicating.  The total lysate was spun at 4oC for 20 minutes at 12000 rpm 

in a tabletop centrifuge and the supernatants were incubated with 2 ml of PBS washed 

glutathione Sepharose Beads (GE Bioscience) overnight with rocking at 4oC.  The final 

bead preparation was washed 3 times with PBST, leaving a final volume of 1:1 

(beads:buffer).  To conduct the pull-down experiments, mammalian cells were collected 

in RIPA buffer (1% NP-40, 20 mM Tris pH 8.0, 137 mM NaCl, 10% glycerol, 2mM 

EDTA) supplemented with PMSF (1mM) and aprotinin (1%).  Lysates were incubated 

with beads for 45 minutes at 4oC and washed 3 times with RIPA buffer.  After the final 

wash, 40 µl of 2x sample buffer was added to the beads.  The samples were boiled for 10 
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minutes then loaded onto an SDS-page gel.  As a control, 100 µg of total protein from 

each sample was loaded to determine total levels of Ras.  Total Ras and Ras-GTP was 

assessed by immunoblotting with pan-Ras and Ras isoform-specific antibodies. 

Immunofluorescence microscopy 

For visualization of activated Ras in infected cells, cells were seeded on round 

glass coverslips.  After infection the cells were fixed with 3.7% formaldehyde for 20 

minutes after washing with PBS at room temperature.  The cells were then permeablized 

using 0.1% Triton in PBS for 5 minutes.  Inclusions were labeled using α-IncA (Dan 

Rockey, Oregon State University) at a concentration of 1:10 in 0.2% BSA/PBS for one 

hour.  Cells were then incubated for 30 minutes with α-mouse Alexa555-conjugated 

secondary antibody diluted (1:250) in 2% BSA/PBS with Topro 3 (1:1000) (Molecular 

Probes) to visualize nuclei and bacterial DNA.  Cells were washed three times between 

steps with PBS for 5 minutes with shaking at room temperature.  Cells were mounted to 

slides using mounting media (Invitrogen) and were stored at 4oC.  For confocal 

microscopy, images were acquired using Leica TCS Scanning Laser Confocal 

Microscope. 

Transfections 

Cells were seeded for 50-70% confluence on the day of transfection.  FugeneHD 

was used as per manufacturer protocol for the appropriate plate (Roche).  The 

transfection was allowed to proceed for 24 hours unless otherwise noted. 

Protein Analysis/Western Blot and Antibodies 
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Protein lysates were collected from tissue cultures cells in freshly made cold lysis 

buffer (25 mM Tris pH 7.4, 150 mM NaCl, 5mM EDTA, 1% Triton-X100) supplemented 

with Complete EDTA-free protease inhibitor cocktail tablets (Roche), 1mM Na3VO4, 1 

mM PMSF, and 1mM NaF.  For the time course experiments lactacystin was also added 

to the lysis byffer (2 mM).  Lysates were briefly sonicated then centrifuged at 4oC for 10 

minutes at 12,000 rpm.  Supernatants were collected and protein concentrations were 

assessed by Bradford (Biorad) reaction.  5X Laemmli sample buffer was added to the 

lysates and boiled for 10 minutes.  Samples were resolved using SDS-page mini-gel 

(Biorad) of concentrations 8-15% depending on pertinent protein for 75 minutes at 200V.  

Proteins were transferred to a nitrocellulose membrane (Biorad) using Trans-blot SD 

Semi-dry transfer cell (Biorad) as per manufacturers instructions.  Membranes were 

blocked using 5% dry-milk in TBST (TBS – 50 mM Tris-HCL pH 7.4, 150 mM NaCL, 

0.02% Tween-20) for 30 minutes at room temperature with agitation.  Membranes were 

incubated in either 5% milk in TBST or 5% Bovine Serum Albumen (BSA) in TBST as 

per manufacturers recommendations with the following primary antibodies: α-pan-Ras 

(Oncogene Ab-4), α-H-Ras (Santa-Cruz sc-520), α-K-ras (Santa Cruz sc-30), α-N-Ras 

(Santa Cruz sc-31), α-ERK 1/2 (Cell Signaling Technologies #9102), α-phospho-ERK 

1/2 (Cell Signaling Technologies #9154), α-c-Raf (Cell Signaling Technologies #9422), 

α-phospho-c-Raf (s338) (Cell Signaling Technologies #9427), α- cPLA2 (Cell Signaling 

Technologies #2832), α-phospho- cPLA2 (ser505) (Cell Signaling Technologies #2831), 

α-phospho-MEK (Cell Signaling Technologies #9121), α-Tubulin (Sigma  B-5-1-2), α-

COX2 (Cell Signaling Technologies #4892), α-RpoD (Min Tang, UC Irvine), α-GAPDH 
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(Abcam #9483), α-LGV-L2 (P. Bavoil, U. of Maryland), or α-IncA (Dan Rockey, 

Oregon State University).  After primary incubation, the membrane was washed for 10 

minutes with TBST three times.  The blot was then placed in secondary antibody (goat-α-

mouse 1:5000, goat-α-rabbit 1:10000) (GE Bioscience) diluted in 20 mls of 5% milk and 

TBST for 30 minutes.  The blot was washed three more times with TBST for 10 minutes 

and then proteins were detected using ECL-reagent (Pierce Bioscience) as per 

manufacturer protocol.   

Inclusion Forming Unit Assay/Inclusion Quantification – Cellomics 

Cells were seeded 0.5 x 105 cells/well in a 24 well plate with 4 wells plated for 

each experimental condition.  Infections were conducted as described above at MOI’s <1.  

Infection was allowed to proceed for 40 hours.  Monolayers were collected in SPG buffer 

by scraping and sonicated briefly to disrupt the cells.  The lysate was diluted in SPG 

buffer and used to infect HeLa cells plated in 24 well plates (2x105 cells/well).  The 

infection was allowed to proceed for 24 hours.  The cells were then fixed on the plate 

using methanol and inclusions were labeled using polyconal rabbit-L2 antibody and goat 

α-rabbit Alexa555-conjugated secondary antibody (Molecular Probes).  The inclusions 

were then counted using a Cellomics High Content Screening System (Thermo 

Scientific).  40 fields were counted in each well.  The total number of inclusions in each 

well was then averaged for each condition.  This average number of inclusions for each 

condition is then divided by the number of inclusions in the control condition to generate 

a proportional inclusion forming unit for each variable where the control inclusion count 

is set to 1.  
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2.4 Results 

2.4.1 Chlamydia infection leads to broad activation of Ras GTPases in 
human cells 

C. trachomatis infection of mammalian cells leads to the sustained activation of 

Ras and its downstream effectors: Akt, the MEK/ERK MAPK module and cPLA2 (Su, 

McClarty et al. 2004; Verbeke, Welter-Stahl et al. 2006).  As a result, it has been 

proposed that a canonical Ras signaling pathway is engaged during infection (Su, 

McClarty et al. 2004; Rajalingam, Sharma et al. 2008).  We tested this model by 

following the activation of components of the Ras signaling pathway in Chlamydia 

infected cells. First, we assessed levels of active Ras-GTP in cell lysates by co-

precipitation with glutathione-sepharose beads after incubation with recombinant 

glutathione-S-transferase (GST) fused to the Ras-GTP binding domain of Raf (RafRBD).  

As previously reported (Su, McClarty et al. 2004), we observed a significant 

accumulation of GTP-loaded Ras in HeLa cells at 24h and 36h post infection with C. 

trachomatis serovar LGV-L2 (Fig 3 and Fig 12).  Because different isoforms of Ras 

regulate unique subsets of Ras effectors in distinct cellular compartments (Omerovic, 

Hammond et al. 2008), we next determined which Ras isoforms were activated during 

infection.  GTP-bound Ras was isolated from infected and uninfected HeLa lysates and 

H-Ras, N-Ras and K-Ras isoforms were identified by immunoblots with specific 

antibodies.  All major Ras isoforms were activated, suggesting a broad engagement of 

Ras signaling during infection (Fig. 3). 



 

27 

 

Figure 3: Chlamydia trachomatis infection leads to broad activation of Ras 
isoforms 

HeLa cells were either left untreated or infected with C. trachomatis (L2) for 24h 
and Ras-GTP levels were assessed by co-precipitation with GST-tagged Ras 
binding domain (RBD) of c-Raf on glutathione agarose beads.  Ras isoforms were 
detected with specific antibodies.  We observed accumulation of Ras-GTP for all 
three isoforms during infection. 

 

2.4.2 Activated Ras localization during Chlamydia infection 

Next, we addressed if Ras was activated within specific sub-cellular 

compartments by monitoring the localization of RafRBD-EGFP in infected cells.  In 

uninfected cells treated with EGF or serum, Ras-GTP pools were observed at the plasma 

membrane, the Golgi apparatus and the ER.  This activation pattern was largely 

unchanged in C. trachomatis (L2) infected cells (Fig. 4).  We did not observe a distinct 

recruitment of active Ras to the inclusion membrane as has been described for other small 

GTPases like RhoA and Rabs (Rzomp, Scholtes et al. 2003; Rzomp, Moorhead et al. 
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2006; Kumar and Valdivia 2008), although a pool of RafRBD-EGFP localized to the 

vicinity of the inclusion.  It is unclear if this pool represents ER and Golgi, which 

envelope the inclusion (Peterson and de la Maza 1988; Heuer, Rejman Lipinski et al. 

2009), or preferential Ras activation at the inclusion periphery.  

 

Figure 4: Localization pattern of Ras during infection 

The localization of active forms of Ras in infected cells was determined by 
transient expression of an EGFP-RBD construct in infected HeLa cells.  
Inclusions (arrows) were identified with anti-IncA antibodies.   The pattern of 
activation of Ras is similar to that observed in EGF treated cells with localization 
of the reporter construct in the plasma membrane, the Golgi apparatus and the ER. 
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2.4.3 Ras is activated in genetically defined, low passage cell lines 

Because HeLa cells are highly transformed cervical epithelial cell lines and may 

display abnormal Ras signaling, we tested if Ras activation also occurred in a genetically 

defined, recently immortalized cell line.  Human embryonic kidney (HEK) cells 

immortalized by retroviral delivery of SV40 T-antigens (T-Ag/t-Ag) and the catalytic 

domain of human telomerase (hTERT) were tested for the activation of Ras during 

infection (O'Hayer and Counter 2006).  As with HeLa cells, infection of HEK-t/TH cells 

led to increases in Ras-GTP and phosphorylation of ERK (Fig. 5).  These results suggest 

that the activation of Ras and the ERK MAPK pathway in Chlamydia-infected cells 

infection is not an artifact of the highly transformed status of HeLa cells. 

 

 

Figure 5: Ras activation occurs in genetically defined, low transformed cells 
during Chlamydia infection 

Ras-GTP also accumulates in infected newly immortalized primary cell lines 
(HEK-t/TH) as assessed by precipitation with RBD-GST.  Epidermal growth 
factor (EGF) treatment for 5 minutes is shown as a control for Ras activation. 
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2.4.4 Activated Raf levels do not correlate with increases in pERK or 
pMEK during infection 

In canonical Ras signaling, the activation of downstream components is 

dependent on Ras.  We first determined the kinetics of how this signaling circuitry is 

engaged in Chlamydia infected cells by monitoring the accumulation of activated forms 

of Raf1, MEK, ERK and cPLA2 by immunoblot analysis with antibodies specific for the 

phosphorylated forms of these signaling proteins.  As previously reported (Su, McClarty 

et al. 2004), infected cells displayed increasing levels of phosporylated Raf, MEK, 

ERK1/2 and cPLA2, indicating sustained engagement of this signaling branch (Fig. 6). 

However, while phosphorylation of MEK and ERK1/2 increased throughout infection, 

the accumulation of active forms of RAF peaked at 12h and then dropped abruptly.  

Phosphorylated forms of cPLA2 peaked at 24h but did not increase significantly after that 

(Fig. 6).  This potential discrepancy in the kinetics and magnitude in with which activate 

forms of RAF, cPLA2 and MEK/ERK accumulated lead us to postulate that the activation 

of individual components of this signaling pathway may not be linked during infection. 
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Figure 6: Levels of activated Raf do not correlate with pERK or pMEK 
during infection 

Total protein lysates from infected cells were harvested at various times post 
infection and the accumulation of active forms of the Ras-MEK-ERK-cPLA2 
signaling pathway were assessed by immunblots.  RpoD and GAPDH levels are 
shown as a marker for chlamydial growth and loading controls, respectively.  
Note that levels of activated Raf decrease after 12 hpi. 
 
 

2.4.5 ERK and Ras activation are uncoupled in Chlamydia-infected 
cells 

To determine if Ras signaling was necessary for ERK activation during infection, 

we manipulated Ras function by two methods.  First, we used a farnesyl transferase 

inhibitor (FTI) to broadly inhibit the farnesylation and membrane anchoring of H-Ras 

(Roberts and Der 2007), the primary Ras isoform present in HEK cells.  FTI effectively 

inhibited Ras activation in HEK-t/TH cells, as assessed by the inability of ERK to be 

phosphorylated in response to serum growth factors (Fig 7). 
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Figure 7: FTI is capable of preventing Ras associated serum signaling in 
HEK-t/TH cells 

HEK-t/TH cells were serum starved in the presence or absence FTI, then 
challenged with 10% serum containing media for 2 hrs. Effectiveness of FTI 
treatment was assessed by pERK levels.  Treatment with FTI prevented growth 
factor signaling resulting in decreased pERK levels. 

 
 

Next, we tested if FTI-treatment prevented ERK activation during Chlamydia 

infection.  FTI-treated infected HEK-t/TH cells displayed levels of phospho-ERK 

significantly higher than that of uninfected cells, suggesting that ERK was activated 

despite the absence of proper Ras signaling (Fig. 8). 

 

Figure 8: FTI does not affect the ability of Chlamydia to induce ERK 
phosphorylation during infection 

HEK t/tH cells were treated with FTI or the MEK inhibitor U0126 30 minutes 
post infection.  At 24 hours, cells were harvested and the levels of active ERK 
were assessed by immunoblots.  FTI decreased the basal levels of pERK in HEK 
cells (lanes 1 and 2).  FTI did not prevent the ability of the bacteria to activate 
ERK during infection (lanes 2 and 5). 
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Treatment with FTI did not affect bacterial entry or replication within infected 

cells (Fig. 8), indicating that any effects of FTI on ERK activation during infection were 

not an indirect effect of lower bacterial loads. 

 

Figure 9: FTI does not affect entry or growth characteristics of Chlamydia 

HEK t/tH cells were treated with increasing concentrations of FTI as indicated 30 
minutes post infection.  At 24 hours cells were fixed and inclusion characteristics 
were quantified for inclusion number (entry) and inclusion size (growth).  
Treatment with increasing levels of FT did not affect either bacterial entry or 
inclusion size. 
 
 
In a second approach, we expressed a dominant negative allele of Ras (Ras17N), 

which broadly inhibits Ras activation by sequestering Ras-GEFs (Quilliam, Kato et al. 

1994).  Transient transfection of H-Ras17N effectively inhibited the ability of HeLa cells 

to activate ERK in response to EGF (Fig. 10).  
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Figure 10: Transfection with Ras17N prevents Ras signaling during EGF 
treatment 

HeLa cells were transfected overnight with RBD-GFP, GFP-empty vector, wt-H-
Ras or H-Ras17N

.Cells were then treated with EGF for 5 minutes and assessed for 
total Ras and pErk levels. Note the decrease in pERK levels in the Ras17N treated 
sample indicated a functionally active Ras dominant negative construct. 

 
 

Next, we transfected infected HeLa cells with an empty vector control, or vectors 

expressing H-Ras or H-Ras17N, and monitored the accumulation of activated ERK at 24 

hours post infection. Consistent with our observations with FTI, activation of ERK in 

Chlamydia-infected cells was unaffected by expression of Ras17N (Fig. 11).  Over-

expression of wild-type H-Ras led to an increase in ERK activation in both uninfected 

and infected cells.  This result is expected when endogenous Ras is overexpressed in 

tissue culture cells (Rodriguez-Viciana, Sabatier et al. 2004).  
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Figure 11: Ras17N fails to prevent pERK increase during Chlamydia infection 

HeLa cells were transfected with EGFP, H-Ras or a dominant-negative H-Ras17N 
expression constructs for 20 hours prior to infection with C. trachomatis (L2) or 
treatment with EGF.  Transfection of Ras17N did not prevent the accumulation of 
active ERK in response to Chlamydia infection but did prevent activation of ERK 
by EGF. 

 
 

Given that ERK activation did not appear to require Ras activation, we tested 

whether, conversely, Ras activation is linked to ERK function.  We performed Ras-GTP 

pulldowns in infected HeLa cells treated with the MEK inhibitor U0126.  Inhibition of 

ERK phosphorylation had minimal effect on the increased levels of Ras-GTP that 

accumulate in response to chlamydial infection (Fig 12).  Overall, these findings indicate 

that Ras and ERK activation are largely uncoupled during the late stages of C. 

trachomatis infection. 
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Figure 12: Ras and ERK are uncoupled in Chlamydia infection 

Infected HeLa cells were treated with the U0126 and levels of Ras-GTP were 
assessed as in Fig 3.  Addition of ERK inhibitor prevents accumulation of 
phosphorylated ERK during infection, but did not alter the levels of Ras-GTP 
during infection. 

 
 

2.4.6 Downstream effectors of Ras are activated in the absence of 
infection by secreted factors from infected cells 

Ras activation can occur downstream of secreted cytokines (Nakafuku, Satoh et 

al. 1992).  Because cells infected with Chlamydia show a high amount of cytokine 

secretion (Fukuda, Lad et al. 2005; Buchholz and Stephens 2007; Buchholz and Stephens 

2008; Cheng, Shivshankar et al. 2008), we determined whether media from infected cells 

was capable of activating Ras signaling in uninfected cells.  We infected HeLa cells with 

C. trachomatis (L2) and allowed the infection to proceed for 36 hours. Conditioned 

media from these cells was collected and and filter-sterilized.  This media was placed on 

uninfected HeLa cells and protein was collected at various time points.  We observed that 

levels of pRaf (s338) and pERK increased within 10 minutes of treatment with 

conditioned media.  These results suggest that a secreted component in the media from 

infected cells is capable of inducing canonical Ras signaling.   
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Figure 13: Media from infected cells is capable of inducing Ras signaling in 
uninfected cells 

Media from control and 24 hour C. trachomatis (L2) infected HeLa cells was 
filter sterilized and placed onto uninfected cells.  Protein lysates were collected at 
indicated time points.  The addition of conditioned media from infected cells, but 
not uninfected cells, induced activation of Ras effectors Erk and Raf. 
 
 

2.5 Discussion 

Pathogenic bacteria interact with and manipulate host cell signaling during 

infection to create a permissive environment for bacterial replication (Shames, Auweter 

et al. 2009).  Bacteria can manipulate host cell signaling cascades to promote or resist 

phagocytosis, prevent lysosomal fusion, or inhibit apoptosis (Bhavsar, Guttman et al. 

2007).  Infectious bacteria also alter host cell signaling to evade the innate and adaptive 

immune response (Bhavsar, Guttman et al. 2007; Shames, Auweter et al. 2009). While 

the pathogen acts to gain a replicative advantage, the host is actively attempting to clear 

out the invader. 

Activation of ERK has emerged as an important event linking several diverse 

cellular functions important to infection by Chlamydia.  During infection, activation of 

the Ras-ERK signaling pathway has been linked to the induction of pro-inflammatory 

cytokines and the generation of lipid precursors for the replicating bacteria (Su, McClarty 
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et al. 2004; Buchholz and Stephens 2007).  The observation that levels of Ras-GTP 

increase through infection (Su, McClarty et al. 2004) has lead to a model in which the 

activation of ERK occurs through canonical Ras signaling (Fig. 2).  In this model, Ras-

GTP leads to Raf phosphorylation and subsequent ERK phosphorylation.   

We observed broad activation all three isoforms of RAS by 24h post infection 

(Fig. 3) but this activation, as assessed by the localization of RAFRBD-EGFP expressed in 

infected cells, did not appear to be compartmentalized to any specific subcellular location 

(Fig. 4).  During infection, activated forms of other proteins such as ERK and cPLA 2 

have been reported to localize to the inclusion (Su, McClarty et al. 2004).  While we 

cannot discount the possibility that Ras may be preferentially activated at the vicinity of 

the inclusion, the diffuse localization of RAFRBD-EGFP is more consistent with RAS 

signaling occurring at multiple areas within the infected cell (Bivona, Quatela et al. 

2006). 

A temporal analysis of activated forms of Raf, MEK, ERK and cPLA2 that 

accumulate during infection (Fig. 6), suggest that the components of this signaling 

pathway are not activated in a canonical fashion (Fig. 2), as would be expected in 

response to serum growth factors (Roberts and Der 2007).  For example, Raf activation 

peaks at 12h post infection and then decreases, while MEK, ERK, and, to a lesser extent, 

cPLA2 activation increased throughout the infection cycle (Fig. 6).  Consistent with this 

apparent disconnect between Ras and downstream signaling components during 

Chlamydia infection, ERK activation was largely insensitive to pharmacological and 
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genetic inhibitors of Ras signaling (Fig. 8 and Fig. 11), indicating that ERK and RAS 

activation are uncoupled in infected cells. 

It is unclear what signals activate Ras in infected cells but two models emerge as 

a result of this data (Fig. 14).  Because cytokines and inflammatory factors can activate 

Ras (Nakafuku, Satoh et al. 1992) and Chlamydia-infected cells secrete IL-6, IL-8 and 

prostaglandins (Fukuda, Lad et al. 2005; Buchholz and Stephens 2007; Buchholz and 

Stephens 2008; Cheng, Shivshankar et al. 2008), we postulate that Ras activation may 

occur in response to both endocrine and paracrine inflammatory signals.  Consistent with 

this hypothesis, we have observed that conditioned media from infected cells can activate 

components of Ras/Raf/ERK signaling in uninfected cells (Fig. 13).  The release of 

extracellular Ras-activating factors appears to be independent of ERK signaling as 

infected HeLa cells treated MEK inhibitor still show activated RAS-GTP accumulation 

during infection (Fig. 12).  Because the activation of ERK is linked to both PGE2 and IL-

8 expression (Fukuda, Lad et al. 2005; Buchholz and Stephens 2007), this observation 

suggests that the exocrine activation of Ras is not dependent on the secretion of these two 

pro-inflammatory factors.  Our data does not discount a model in which an unknown 

bacterial factor acts directly on Ras, independent of ERK. 

Interestingly, levels of activated Ras increase during infection without a 

concurrent increase in activated Raf.  It is possible that Raf is inactivated by ERK, since 

there are specific phosphorylation sites on Raf that can be targeted by ERK (Dougherty, 

Muller et al. 2005; Hekman, Fischer et al. 2005; Balan, Leicht et al. 2006).  Some reports 

indicate that these sites can lead to Raf inactivation, serving as negative feedback 
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regulators during growth factor signaling (Dougherty, Muller et al. 2005), though there is 

still controversy in the field (Balan, Leicht et al. 2006).   

In this chapter, we evaluated the events that lie upstream of ERK activation and 

assessed the extent to which Ras is responsible for activation of this important signaling 

molecule.  We confirmed the activation of various components of the Ras-Raf-

MEK/ERK-cPLA2 signaling cascade but determined through pharmacological and 

genetic approaches that individual components of this signaling circuitry can be activated 

in a non-canonical manner.  The initiation of ERK phosphorylation does not require Ras 

activation, as previously hypothesized.  It is still unknown whether ERK activation is the 

result of direct targeting by bacterial effectors, innate immune signling, or the result of 

indirect stress. 
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Figure 14: Model for Ras involvement in Chlamydia infection 

Ras activation and ERK activation are uncoupled during Chlamydia infection.  
We show that Ras activation may be occurring via exocrine factor.  While ERK 
controlled secretion of IL-8 and PGE2 may be contributing to exocrine Ras-GTP 
increases observed during infection, it is not required, as chemical inhibition of 
ERK does not prevent Ras activation.  pRaf levels increase early in infection but 
then decrease, possibly as a result of negative feedback from pERK.  We have not 
ruled out that Chlamydia is directly activating Ras independent of these secreted 
factors. 
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Chapter 3. cPLA2 and type I interferons in Chlamydia 
infection 
3.1 Summary/Rationale 

The cytoplasmic calcium-dependent phospholipase cPLA2 has been identified in 

two studies related to cell signaling during Chlamydia infection (Su, McClarty et al. 

2004; Fukuda, Lad et al. 2005). Activation of cPLA2 has been linked to arachidonic acid 

(AA) production and subsequent prostaglandin E2 (PGE2) release by infected cells 

(Fukuda, Lad et al. 2005), and the process of chlamydial lipid acquisition: cPLA2 

converts glycerophospholipids into lysophospholipids to generate lipid precursors 

essential for bacterial replication (Su, McClarty et al. 2004).  Su et al showed that 

pharmacological inhibitors of cPLA2 drastically reduced chlamydial growth and the 

incorporation of host-derived lipid precursors into bacteria.  Because the 

Ras/Raf/MEK/ERK signaling cascade influences cPLA2 activation, the authors 

concluded that the activation of cPLA2 by this pathway was critical for bacterial 

acquisition of lipids.  However, pharmacological inhibition of ERK activation failed to 

produce a large reduction in bacterial growth, even though it abolished all cPLA2 

phosphorylation (Su, McClarty et al. 2004; Buchholz and Stephens 2007).  The purpose 

of this study was to evaluate the role of cPLA2 in Chlamydia infection. We found that 

very high levels of the cPLA2 inhibitor were required to limit bacterial growth and that 

the effectiveness of the inhibitor varied among batches. Stable knock-down of cPLA2  by 

RNAi failed to recapitulate the phenotype for the cPLA2 inhibitor and bacteria replicated 

normally in these cells. To unambiguously test the role of cPLA2 in Chlamydia growth, 
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we tested bacterial growth in Mouse Embryonic Fibroblasts (MEFs) derived from mice 

deficient in cPLA2 (cPLA2-/-).  Surprisingly, Chlamydia replicated in these murine cells 

to levels several fold higher than in wild type MEFs.  We determined that this 

enhancement in bacterial replication was due to a deficiency in the cPLA2-/- MEFs ability 

to secrete Type I interferon.  As a result, these cells showed impaired ability to express 

interferon-inducible anti-microbial proteins (p47 GTPases) that directly control 

Chlamydia infection in wild-type mice cells.  These findings reveal a novel role for 

cPLA2 in the expression of Type I interferons in response to intracellular bacterial 

pathogens. 

3.2 Introduction 

3.2.1 Cytosolic phospholipase A2 

Phospholipase A2 enzymes are grouped by their ability to release fatty acids from 

the sn-2 position of phospholipids (Ghosh, Tucker et al. 2006).  They are broadly placed 

in three main categories based on their calcium dependency and enzymatic activity: 

cytosolic PLA2 (cPLA2), secretory PLA2 (sPLA2), and calcium-independent PLA2 

(iPLA2) (Ghosh, Tucker et al. 2006).  cPLA2 is the most extensively described of the 

three due to its role in eicosanoid production and specifically because of its ability to 

catalyze the release of AA from cellular phospholipids.  AA is an important signaling 

molecule, serving as a precursor for prostaglandins, leukotrienes and thromboxanes 

(reviewed in (Wymann and Schneiter 2008)).  These ecosinoids play a prominent role in 

inflammation and a wide range of diseases such as allergies, chronic inflammation, and 

cancer (Wymann and Schneiter 2008). 
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Because of its importance in the generation of lipid signaling molecules, the 

activity of cPLA2 is highly regulated (Ghosh, Tucker et al. 2006).  There are two means 

through which this occurs: intracellular Ca2+ levels and phosphorylation.  cPLA2 activity 

is dependent on the availability of cytosolic calcium (Balsinde, Barbour et al. 1994).  

Rises in intracellular calcium leads to the recruitment of cPLA2 to membranes where it 

can then gain access to AA-containing phospholipids and the downstream enzymes that 

further process AA to its appropriate signaling molecule (Ghosh, Tucker et al. 2006). 

In addition to intracellular Ca2+ levels, cPLA2 can also be phosphorylated. 

Phosphorylation of cPLA2 results in a two to three fold increase in its activity (Lin, 

Wartmann et al. 1993; Nemenoff, Winitz et al. 1993; Kramer, Roberts et al. 1996).  The 

precise mechanism through which cPLA2 activity is regulated by phosphorylation is not 

well understood (Chakraborti 2003), although cPLA2 is a classic target of kinases of the 

MAPK family, specifically ERK and p38 (Ghosh, Tucker et al. 2006).  Recently another 

MAPK, Jnk, has also been shown to phsophorylate cPLA2 (Lee, Lee et al. 2008; Casas, 

Meana et al. 2009).  It is likely that the diversity of phosphorylating enzymes represent a 

means through which cPLA2 signaling is regulated during normal cell growth.  

Of particular interest is the ability of cPLA2 to generate signaling molecules 

downstream of innate immune recognition of bacterial pathogens (Hurley and 

McCormick 2008).  Signaling through cPLA2 via AA and other molecules (e.g. reactive 

oxygen species, or ROS) plays a role in initiation of innate immune response to bacterial 

infection through Toll-like receptors (Kikawada, Bonventre et al. 2007; Fang, Mun et al. 

2008; Hurley and McCormick 2008; Lee, Lee et al. 2008; Ruiperez, Astudillo et al. 
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2009).  cPLA2 can also be activated by TLRs through the ERK1/2 phosphorylation 

cascade (Ruiperez, Astudillo et al. 2009). 

3.2.2 Control of Type I interferon expression 

The initiation of innate immunity in response to infection allows cells to quickly 

act to contain invading pathogens.  One of the many steps through which the innate 

immune system begins to recognize and respond to pathogens is through Pattern 

Recognition Receptors (PRRs) and the activation of signaling modules that lead to the 

expression of pro-inflammatory molecules, including interferons (Barton and Kagan 

2009).  Interferons induce expression of more than 1200 genes, a large portion of which 

are aimed at containing and eradicating invading pathogens (Boehm, Klamp et al. 1997; 

Stark, Kerr et al. 1998; Ehrt, Schnappinger et al. 2001).  There are two primary immuno-

surveillance pathways that initiate interferon expression: the Toll-like receptors (TLRs) 

and a variety of cytoplasmic sensors (Edwards, Slater et al. 2007). 

TLRs recognize a diverse group of pathogen-associated molecules and initiate 

signaling events associated with innate and adaptive immune responses (Uematsu and 

Akira 2007).  TLR signaling typically starts with binding of a TLR protein to a microbial 

ligand.  Once bound to its corresponding ligand, TLRs undergo a confirmation change 

and one or more adapter proteins are recruited (e.g. myeloid differentiation primary 

response protein, or MyD88).  Different TLRs utilize different adapter proteins and the 

diversity of responses is governed by which adapter protein the TLR binds (Kenny and 

O'Neill 2008).  Once the adaptor protein is bound, different signaling cascades are 

initiated that ultimately result in activation of transcription factors, including activation of 
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interferon-regulatory factors and transcription of interferons (Edwards, Slater et al. 2007).  

The diversity of responses that TLRs are capable of inducing is impacted not only by 

their microbial ligands, but also by their subcellular localization (Barton and Kagan 

2009).  Different cellular localization of TLRs can affect their accessibility to microbial 

effectors and can impact how the binding of these effectors initiates downstream 

signaling.  For example, TLRs that sense viral nucleic acid products are found in 

endolysosomes while other TLRs are found on the cell surface (Barton and Kagan 2009).  

The means through which different TLRs sort to different compartments and the full 

implication of this spatial distribution is still being described. 

Another means through which Type I interferon expression is induced is through 

a diverse group of cytosolic sensors (Edwards, Slater et al. 2007).  Double knock-out 

mice that lack the TLR adapters MyD88 and Trif lack all TLR signaling are still able to 

respond to the presence of presence nucleic acids, which suggests a TLR-independent 

means to induce Type I interferon expression (Stetson and Medzhitov 2006).  There are 

now several examples of cytosolic sensors that are capable of responding to nucleic acid 

ligands and initiate innate immune responses.  For example, RIG-I and Mda5 are two 

RNA helicase-containing proteins that are capable of sensing to cytosolic double stranded 

RNA and initiating innate immune signaling induction of Type I interferons (Yoneyama, 

Kikuchi et al. 2004).  These molecules have not only been implicated in initiation of 

Type I interferon response in recognition of viral RNA, but also bacterial RNA (Monroe, 

McWhirter et al. 2009).  Other pathways have been described that are capable of 

responding to the bacterial secondary messenger cyclic-di-GMP, though the specific 
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molecules governing these and other responses have yet to be discovered (McWhirter, 

Barbalat et al. 2009). 

Type I interferon expression is induced by infection with Chlamydia species, 

indicating that infected cells are activating innate immune signaling (Devitt, Lund et al. 

1996; Xia, Bumgarner et al. 2003; Johnson 2004; Lad, Fukuda et al. 2005; Nagarajan, 

Ojcius et al. 2005; Navarini, Recher et al. 2006).  In HeLa cells the expression of Type I 

interferons is through the transcription factor STAT1 (Lad, Fukuda et al. 2005).  In 

mouse systems, Type I interferon expression in the context of TLR signaling has been 

more thoroughly examined.  Nagarajan et al showed that in mouse macrophages and 

fibroblasts, IFN-β expression is dependent on the TLR adapter MyD88 (Nagarajan, 

Ojcius et al. 2005).  In contrast, studies using oviduct epithelial cells found that IFN-β 

expression is largely dependent on the adapter TRIF (Derbigny, Hong et al. 2007).   The 

discrepancies between these studies have been attributed to differential expression of 

TLRs in these different cell lines. 

3.2.3 p47 GTPases 

The Immunity-Related GTPases (IRGs) represent a family of interferon-inducible 

proteins that control infection of intracellular pathogens in mammals.  Growth of 

pathogens such as C. trachomatis, Mycobacterium tuberculosis, and Toxoplasma gondii 

are effectively contained in mouse models via the IRG proteins and alterations to 

expression or function of these proteins confers high susceptibility to the invading 

pathogen (Taylor, Feng et al. 2007). 
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IRG proteins are found in a number of mammals including mice and humans 

(Taylor 2007).  The family is relatively diverse in mice, with 23 distinct family members 

present in the genome of the C57Bl/6 mouse strain (Bekpen, Hunn et al. 2005).  

Interestingly, humans only possess two IRG proteins and neither are under the control of 

interferon response elements (IRE) (Bekpen, Hunn et al. 2005).  While human IRGM 

does not appear to be under IFN control, it has been linked to resistance of macrophages 

to Mycobacterium bovis (Singh, Davis et al. 2006).  Additionally, human IRGM has been 

linked Crohn’s disease through genome wide association studies (Parkes, Barrett et al. 

2007).  In both of these cases a potential role for IRGM in autophagy has been proposed 

(Delgado, Singh et al. 2009). 

In mice, IRG proteins are strongly up-regulated in the presence of interferon 

gamma (IFN-γ) and to a lesser extent IFN-beta (IFN-β) (Taylor, Feng et al. 2007).  Upon 

induction with IFN, IRG proteins are recruited to membranes and are found in the 

endoplasmic reticulum (ER) and Golgi (Howard 2008).  Specific subsets of IRG proteins 

can be recruited to the surface of pathogenic vacuoles and cause loss of membrane 

integrity and autophagic mediated clearance (Martens, Parvanova et al. 2005; Coers, 

Bernstein-Hanley et al. 2008; Tiwari and Macmicking 2008; Al-Zeer, Al-Younes et al. 

2009; Zhao, Khaminets et al. 2009).  The means through which IRG proteins control 

intracellular infections is still being determined however several models have been 

proposed (Taylor 2007).  For example, during recruitment to the pathogen-containing 

vacuole, IRG proteins can directly destabilize the pathogen vacuole (Martens, Sabel et al. 

2004).  Alternatively, IRG proteins may allow autophagic-mediated targeting of bacteria 
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to lysosomes, marking the pathogen containing vacuoles for autophagocytosis without 

breaking apart the vacuole (Gutierrez, Master et al. 2004; Ling, Shaw et al. 2006).  

Lastly, IRG proteins may is drive fusion of the pathogen vacuole directly to the lysosome 

(MacMicking, Taylor et al. 2003; Ling, Shaw et al. 2006). 

3.3 Materials and Methods 

Strains, Infections and Cell Culture Reagents 

HeLa and 293T cells were maintained as outlined in Chapter 2.3.  Mouse 

embryonic fibroblasts (MEFs) were obtained from Greg Taylor at the VA Medical Center 

in Durham, NC.  cPLA2 knock-out MEFs were a generous gift from the lab of Joseph 

Bonaventre at the Harvard Medical School.  Both the wild-type and cPLA2-/- MEFs were 

derived from C57BL6 mouse background.  Stable knock-down of cPLA2 in HeLa cells 

was accomplished using lentiviral shRNA constructs from Open Biosystems.  When 

necessary, primary cell lines were immortalized using T/t-antigen plasmid (gift from 

Chris Counter) and transduced using pbabe retrovirus system (Morgenstern and Land 

1990).  All cells were maintained in a 37oC incubator with 5% CO2. 

C. trachomatis infections were carried out as outlined in Chapter 2.3.  Chlamydia 

muridarum was obtained from Caterine O'Conell, Department of Pediatrics, Children's 

Hospital of Pittsburgh of UPMC.  Infection of mouse strains was conducted in the same 

manner as for C. trachomatis.  AACOCF3 and U0126 treatment was the same as 

described in Chapter 2.3.  Cells were treated with IFN-γ (Calbiochem 407303) or IFN-β 

(Calbiochem 407298) at concentration of 100 units/ML for 5 hours or overnight 

depending on the experiment.  
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Inhibitors 

AACOCF3 (Calbiochem #100109) was used at concentrations of 50-200 µM. 

U0126 (Cell Signaling Technologies #9903) was used at a concentration of 10 uM.  

Inhibitor treatment and storage was the same as outlined in Chapter 2.3.  

Virus Production 

For lentivirus production, shRNA plasmids were transfected with packaging 

plasmid (pCMV-dR8.74) and envelope protein plasmid (pMD2.G) (both provided by 

Micah Luftig, DUMC) into 293t cells.  The media was changed 20 hours post-

transfection and virus-containing media was collected 48 hrs post-transfection.  Selection 

was started 24-48 hours post-transduction.  Other methods for virus production are 

described in Chapter 2.2. 

Plasmids and Constructs 

shRNA constructs for knock-down of cPLA2 were obtained from Open 

Biosystems.  pCMV-dR8.84 and PMD2.G for lentivirus production were obtained from 

Micah Luftig (DUMC). 

Immunofluorescence/Microscopy protocol 

All immunofluorescence and microscopy work was conducted as outlined in Chapter 2.3.  

Protein Analysis/Western Blot and Antibodies 

Immunoblot protocols are outlined in Chapter 2.3.  Additional antibodies used 

were: α-Stat1 (Cell Signaling Technologies #9172), α-GAPDH (Abcam #9483), α-

lipopolysaccharide (LPS) (gift of H. Caldwell RML/NIH), α-IncA (Dan Rockey, Oregon 

State University), α-Irgm1, α-Irgm3 and α-Irgb6 (Greg Taylor, DUMC/VA). 
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Inclusion Forming Unit Assay/Inclusion Quantification – Cellomics 

Inclusion Forming Unit experiments (IFUs) were conducted as outlined in 

Chapter 2.3. For C. muridarum IFU experiments, a monoclonal LPS antibody was used 

to detect inclusions. 

RT-PCR 

Total RNA was collected from cells using Qiagen RNeasy kit (Qiagen 74106) as 

per manufacturers instructions.  RNA was quantified by absorbance using a Nanodrop 

Spectrophotometer (Thermo Scientific).  100 µg of RNA from each sample was treated 

with DNase (Ambion #1906) as per manufacturers instructions to remove any 

contaminating genomic DNA from the samples.  cDNA was constructed using iScript 

cDNA synthesis kit (Biorad #170-8890).  Gene abundances were assessed by PCR using 

ChoiceTaq Blue Mastermix (Denville # CB4065-7).  Primers were designed as outlined 

in Primerbank (http://pga.mgh.harvard.edu/primerbank/) and synthesized commercially 

by FisherOligos.  Primers: GAPHDH (mouse): F – AGGTCGGTGTGAACGGATTTG, 

R – TGTAGACCATGTAGTTGAGGTCA; IFN-β (mouse): F – 

CAGCTCCAAGAAAGGACGAAC, R – GGCAGTGTAACTCTTCTGCAT. 

Type I interferon bioassay and luciferase reporter assay 

A commercially available lentivirus containing a ISRE-luciferase reporter construct 

(SABioscience CLS-008L) was used to create stable MEF wild-type and CPLA2-/- cells 

that express luciferase in response to IFN via STAT1/STAT2 transcription factor. Cells 

were seeded in 6-well plates and infected with C. trachomatis (L2) or stimulated with 

poly(I):poly(C) (Sigma #P9043) as a positive control for 6 hours to stimulate interferon 
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production.  For Poly(I):poly(C) treatment, a 2 mg/ml stock solution in PBS was heated 

to 50oC for 10 minutes and then cooled to room temperature.  8 µg of pI:C was 

transfected into tissue culture cells using Fugene6 (Roche) as per manufacturers 

instructions.  Cells were collected 24 hours post-infection and 5 hours post pI:C 

transfection. 

At the completion of treatment cells were washed twice in PBS then allowed to 

lyse for 15 minutes in Passive Lysis Buffer (Promega) as per manufacturers instructions.  

Lysates were collected and then mixed with appropriate amounts of firefly luciferase 

(Promega) and immediately measured in a luminometer for luciferase activity. 

3.4 Results 

3.4.1 ERK activation and cPLA2 are dispensable for Chlamydia replication 
in human cells 

The activation of ERK and cPLA2 have been linked to the generation of pro-

inflammatory factors as well as lipid precursors important for bacterial replication during 

Chlamydia infection (Su, McClarty et al. 2004).  To assess the role of this branch of the 

ERK signaling pathway, we tested the effect of the MEK inhibitor U1026 and the cPLA2 

inhibitor AACOCF3 on C. trachomatis replication in HeLa cells. Treatment with 

AACOCF3 reduced the yield of chlamydial infectious units, although the concentrations 

of inhibitor required for >90% growth inhibition (Fig. 15) were significantly higher than 

previously reported in HeLa cells (Su, McClarty et al. 2004). 
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Figure 15: The cPLA2 inhibitor AACOCF3 inhibits growth of C. trachomatis 
only at high concentrations 

The relative yield of infectious units of C. trachomatis (L2) was assessed in HeLa 
cells treated with different concentration of the cPLA2 inhibitor AACOCF3.  
Inhibitor was placed on infected cells 30 minutes after infection and remained 
until EBs were harvested at 40 hpi.  We observed over %90 reduction in bacterial 
growth only in cells treated with 200 µM of AACOCF3.  

 
 

In contrast, U0126 only had a marginal effect on the yield of infectious units at 

concentrations that completely inhibited ERK phosphorylation and activation (Fig. 16).  

These results are consistent with recent reports indicating mild effects for this inhibitor 

on C. trachomatis replication (Buchholz and Stephens 2007). 
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Figure 16: The ERK inhibitor U0126 has minimal effects on C. trachomatis 
growth in HeLa cells 

Growth of C. trachomatis (L2) was assessed in HeLa cells in the presence or 
absence of the MEK inhibitor U0126. Inhibitor was placed on infected cells 30 
minutes after infection and remained until EBs were harvested at 40 hpi.  U0126 
had only a mild effect on bacterial growth. 
 

 

3.4.2 Stable knock-down of cPLA2 in HeLa cells does not inhibit Chlamydia 
growth 

Since cPLA2 is activated by ERK phosphorylation, we expected that ERK 

inhibitors would have a similar effect on bacterial replication as cPLA2 inhibitors.  To 

directly address the role of cPLA2 during infection, we generated stable knock-down 

HeLa cell lines by lentiral transduction of a cPLA2-specifc shRNA.  We screened two 

shRNA clones purchased from Open Biosystems.  Both clones exhibited reduction in 

levels of total cPLA2 (Fig. 17).  We chose the clone that reduced active cPLA2 levels 

more completely: V2HS_136016.  Expression of cPLA2 in these cell lines was less than 

10% than that of HeLa cells expressing a non-silencing control shRNA. 
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Figure 17: Knock-down of cPLA2 in HeLa cells using shRNAs 

Two distinct shRNA clones were used to create stable cell lines by lentivirus 
transduction.  Cell lysates from these cells were collected and total cPLA2 was 
assessed.  Clone V2HS_136016 showed the highest reduction in total cPLA2 
levels. 
 
 
Control and cPLA2 knock-down cell lines were infected with C. trachomatis (L2) 

and bacterial replication was assessed by the generation of infectious units.  Surprisingly, 

cPLA2 shRNA cell lines did not exhibit any defects in the generation of infectious EBs, 

making it unlikely that this protein contributes significantly, either independently or 

synergistically, to chlamydial replication in HeLa cells (Fig. 18). 

 
Figure 18: cPLA2 knock-down does not affect bacterial growth 

MEK inhibitor U0126 and HeLa lines stably transduced with a cPLA2 specific 
shRNA were assessed for Chlamydia growth.  Neither U0126 nor cPLA2 had 
profound effects on replication of the bacteria. 
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Nonetheless, cPLA2 knock-down cell lines displayed slightly enhanced levels of 

ERK phosphorylation and COX2 expression, another ERK-dependent response (Fukuda, 

Lad et al. 2005), in response to chlamydial infection, suggesting a potential regulatory 

role for cPLA2 in ERK signaling in these cells (Fig. 19).  

 

Figure 19: cPLA2 knock-down cells show slightly higher levels of pERK and 
COX2 during Chlamydia infection 

cPLA2 silenced HeLa cells were infected with C. trachomatis and tested for 
activation of ERK and COX2.  Levels of phosphorylated ERK and COX2 were 
slightly elevated in the absence of cPLA2.  Note ERK inhibitor U0126 prevented 
the expression of COX2 during infection. 
 
 

3.4.3 COX2 expression is downstream of ERK activation  

As previously reported, infected cells show increased levels of COX2 (Fukuda, 

Lad et al. 2005).  Treatment of HeLa cells with U0126 pERK inhibitor prevented the 

upregulation of COX2 during infection, suggesting that COX2 lies downstream of ERK 

activation (Fig. 19). 
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3.4.4 C. trachomatis displays enhanced replication in cPLA2-deficient 
mouse embryo fibroblasts 

To unambiguously determine the role of cPLA2 in Chlamydia infections, we 

tested mouse embryonic fibroblasts (MEFs) derived from cPLA2-/- mice for their ability 

to support chlamydial replication.  Surprisingly, C. trachomatis (L2) replicated in  

cPLA2-/- MEFs at levels 6-20 fold higher than MEFs derived from littermate controls 

(Fig. 20). 

 

Figure 20: C. trachomatis replicates at higher levels in cPLA2 -/- MEFs when 
compared to wild-type 

Mouse embryo fibroblasts (MEFs) from cPLA2+/+ and cPLA2-/- mice were 
infected with C. trachomatis (L2) and the relative yield of infectious units was 
assessed.  Note the enhanced replication of C. trachomatis (L2) in cPLA2-
defficient MEFs. 
 
 
To test if the replication defect is specific to this chlamydial species, we tested the 

replication of Chlamydia muridarum in these MEFs.  Unlike the results seen with C. 

trachomatis, C. muridarum replicated to similar levels in wild type and cPLA2-/- MEFs 
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(Fig. 21), indicating that cPLA2 plays a protective role for mouse cells against human-

adapted but not mouse-adapted Chlamydia species. 

 

 

Figure 21: Chlamydia muridarum replicates at similar levels in wild-type and 
cPLA2 -/- cells 

Mouse embryo fibroblasts (MEFs) from cPLA2+/+ and cPLA2-/- mice were 
infected with C. muridarum and the relative yield of infectious units was assessed.  
C. muridarum replicates at wild-type levels in cPLA2-defficient MEFs.  
 

 

3.4.5 cPLA2 controls the expression of the p47 family of immune regulated 
GTPases (IRG) 

The differential ability of mouse cells to contain the replication of human-adapted 

Chlamydia species has been linked to the expression of a family of Immunity-Related 

GTPases (IRGs) (Bernstein-Hanley, Coers et al. 2006).  We tested whether the 

susceptibility of cPLA2-/- MEFs to C. trachomatis infection was linked to the expression 

of IRGs.  Wild type and cPLA2-/- MEFs were infected with C. trachomatis and the 

expression of selected IRG proteins was assessed by immunoblot analysis.  Infection of 
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wild-type MEFs with C. trachomatis led to the robust expression of Irgm1, Irgm3 and 

Irgb6.  In contrast, Irgm1, Igrb6 and, to a lesser extent, Irgm3, were poorly expressed in 

infected cPLA2-/- MEFs (Fig. 22D). 

 

Figure 22: IRG proteins are poorly expressed in cPLA2-/- MEFs during 
Chlamydia infection 

The expression of immunity related GTPases (IRG) in wild type and cPLA2-/- 
knock out MEFs in response to C. trachomatis (L2) infection for 24 hours was 
assessed by immunoblot analysis.  Note the impaired expression of Irgm1, Irgm3 
and Irgb6 in cPLA2-/- knock out MEFs during infection. 
 

3.4.6 cPLA2 inhibitor shows a similar phenotype to cPLA2 knock-out cells 

Next, we tested whether the phenotype of cPLA2-/- MEFs could be recapitulated 

by pharmacologically inhibiting cPLA2 enzymatic activity in wild-type cells. Wild type 

MEFs treated with AACOCF3 were incapable of mounting a robust IRG response (Fig. 

23).  These cells also show higher levels of the chlamydial protein RpoD, suggesting that 

replication is enhanced by the inhibitor, similar to that which is observed in cPLA2-/- 

cells. 
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Figure 23: cPLA2 inhibitor also prevents expression of Irgb6 proteins during 
infection 

The expression of IRG protein Irgb6 response to C. trachomatis (L2) infection in 
wild type MEFs for 24 hours in the presence or absence of the cPLA2 inhibitor 
AACOCF3.  Treatment with the inhibitor prevented expression of Irgb6 and 
increased the amount of RpoD suggesting enhanced chlamydial replication. 
 
 
The inability to induce IRG protein transcription is likely due to the inability of 

cells lacking cPLA2 activity to properly induce STAT1, a transcription factor that 

regulates the expression of IRGs and other genes containing interferon stimulated 

response elements (Shenoy, Kim et al. 2007).  Consistent with these observations, 

treatment of wild-type MEFs with AACOCF3 led to a 4-5 fold increase in the replication 

of C. trachomatis in mouse cells (Fig 24).  These findings indicate that in murine cells, 

cPLA2 plays a protective role in the control of C. trachomatis infections. 
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Figure 24: cPLA2 inhibitor enhances growth in wild-type MEFs 

Relative growth of Chlamydia was assessed in wild-type MEFs in the presence of 
inhibitors of cPLA2 activity (100 µM) (A) or ERK activation (10 µM) (B).  Both 
inhibitors increased the growth of Chlamydia during infection. 
 
 

3.4.7 The expression of Type I interferons in Chlamydia-infected murine 
cells is regulated by cPLA2 

IRG expression is under the control of Type I and Type II interferons (Taylor, 

Feng et al. 2007).  To test if cPLA2-deficient cells were capable of responding to IFN-

mediated signals, we treated wild type and cPLA2-/- MEFs with IFN-γ and assessed IRG 

expression by immunoblot analysis.  Both wild type and cPLA2-/- MEFs expressed IRGs 

robustly in response to IFN-γ, indicating that cPLA2 is not required for IFN-mediated 

signaling (Fig. 25). 
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Figure 25: Both wild-type and cPLA2-/- MEFs express IRG proteins in the 
presence of IFN-γ  

cPLA2+/+ and cPLA2-/- MEFs were treated with 100U IFN-γ for 5 hours then cell 
lysates were collected and tested for the expression of IRG proteins.  Note that 
both wild-type and KO MEFs express IRGs during treatment. 
 
 
Not surprisingly, IFN-γ treatment effectively restricted C. trachomatis replication 

in cPLA2-/- MEFs (Fig 26).  This suggests that the IRG proteins produced by cPLA2-/- 

cells are functional and that cPLA2 is not required for the resistance conveyed by these 

proteins. 
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Figure 26: IRG proteins expressed by knock-out cells in the presence of IFN-
γ  are capable of containing Chlamydia infection 

cPLA2+/+ and cPLA2-/- MEFs were treated with 100U IFN-γ and tested for the 
ability contain chlamydial replication as assessed by the yield of infectious units.  
Note that both wild type and KO MEFs can contain C. trachomatis (L2) 
replication in the presence of IFN-γ. 
 
 
IFN-γ secreted by lymphocytes and dendritic cells exerts a potent anti-chlamydial 

effect on target cells (Hook, Matyszak et al. 2005).  However, because IFNs are not 

present in our tissue culture infection model it was less clear what endocrine or exocrine 

factors activate IRGs in a cPLA2-dependent manner.  Because recent reports indicate that 

murine epithelial cells secrete IFN-β in response to C. muridarum infection (Nagarajan, 

Ojcius et al. 2005; Derbigny, Hong et al. 2007), we first tested if C. trachomatis-infected 

MEFs secrete factors that activate the expression of IRGs.  Conditioned media from 

infected and uninfected MEFS was filter sterilized, added to uninfected cells and the 

expression of IRGs was monitored by immunoblot analysis.  Conditioned media from 

infected wild-type MEFs, but not cPLA2-/- MEFs, led to the expression of IRG proteins 

(Fig. 27).  These results strongly indicate that cPLA2-deficient cells cannot secrete a 
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factor in response to Chlamydia infection that mediates the activation of anti-pathogen 

responses.  

 

Figure 27: Conditioned media from infected cPLA2-/- cells is incapable of 
inducing IRG protein transcription 

Media from infected wild-type and knock-out MEFs was placed onto uninfected 
cells.  Only conditioned media from C. trachomatis (L2)-infected cPLA2+/+, but 
not cPLA2-/- MEFs, activates IRG expression in uninfected wild-type and knock-
out MEFs. 
 
 
Because the most likely candidate for IRG activation in infected MEFs is IFN-β, 

we tested whether the expression of IFN-β mRNA required cPLA2.  Total RNA was 

isolated from infected and uninfected wild-type and cPLA2-/- MEFs and the levels of 

IFN-β mRNA was assessed by RT-PCR.  As previously reported, Chamydia infection led 

to the induction of IFN-β mRNA (Nagarajan, Ojcius et al. 2005; Derbigny, Hong et al. 

2007).  This increase in expression was significantly lower in infected cPLA2-/- MEFs  

(Fig. 28) even though the bacterial load in these cells was higher. 
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Figure 28: cPLA2-/- cells do not express IF-β  during infection 

cPLA2+/+ and cPLA2-/- MEFs were assessed for expression of IFN-β in the 
presence of C. trachomatis (L2) or an inducer of IFN-β (poly I:C) by RT-PCR. 
cPLA2-/- MEFs are deficient in expression of Type I interferons in response to C. 
trachomatis (L2) infection but not poly I:C. 
 
 
This observation was independently confirmed by monitoring the expression of a 

luciferase reporter driven from an IFN-stimulated response element (ISRE) (Fig. 29).  As 

a control for the ability of these cells to activate canonical Type I interferon responses, 

we transfected double stranded RNA (poly I:C) into wild type and knockout MEFs and 

tested their ability to activate IFN response elements.  Both wild-type and cPLA2-/- MEFs 

showed similar responses, indicating that cPLA2 function is not required for the 

expression and assembly of the core transcriptional machinery that controls Type I 

interferon expression. 
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Figure 29: cPLA2-/- MEF cell lines with IFN-luciferase reporter show no 
expression of IFNs during infection 

cPLA2+/+ and cPLA2+/+ MEFs were transduced with an IFN-inducible luciferase 
reporter constructs and tested for luciferase activity in response to C. trachomatis 
(L2) infection, exogenous IFN-γ and transfection of poly I:C.  C. trachomatis-
dependent induction of the luciferase reporter is dependent on cPLA2.  cPLA2-/- 
cells were capable of expressing the luciferase reporter in response to both IFN-γ 
and poly I:C. 
 
 
A prediction from our findings is that IRG expression in response to Type I 

interferons is responsible for the bulk of the cPLA2-mediated protection of murine cells 

from C. trachomatis infection.  To test this hypothesis, we assessed if the enhanced 

replication of C. trachomatis in cPLA2-/- MEFs could be bypassed by addition of 

exogenous IFN-β.   Recombinant exogenous IFN-β restored the expression of IRG 

proteins in cPLA2-/- MEFS (Fig. 30) and decreased C. trachomatis replication in both WT 

and cPLA2-/- MEFs (Fig. 31).  
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Figure 30: cPLA2-/- cells are capable of expressing IRG proteins in response 
to IFN-β  

cPLA2-/- and wild-type MEFs were treated with IFN-β (100U) and assessed for 
their ability to respond via IRG expression.  Both wild-type and cPLA2-/- MEFs 
express IRGs in the presence of IFN-β. 
 
 

 

Figure 31: IFN-β  restricts infection in cPLA2-/- cells 

cPLA2-/- and wild-type MEFs were treated with IFN-β (100U).  The replication of 
C. trachomatis (L2) in cPLA2-/- MEFs is suppressed by exogenous addition of 
IFN-β. 
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Overall, these results establish that Chlamydia infections lead to the expression of 

Type I interferons in murine cells in a cPLA2-dependent manner and that Type I 

interferons activate innate immune pathways with anti-chlamydial activity. 

3.5 Discussion 

During infection by a pathogenic organism, proper cell signaling by the host is 

critical in the initiation of both innate and adaptive immune responses (Brodsky and 

Medzhitov 2009).  If an invading pathogen is well adapted to the environment, it is 

capable of subverting this anti-microbial response and may even harness it to its benefit 

(Shames, Auweter et al. 2009).  The activation of ERK and its downstream target cPLA2 

during C. trachomatis infection is an example of one such cell-signaling pathway.  

Activation of ERK is linked to IL-8 expression during Chlamydia infection 

(Buchholz and Stephens 2007).  In addition, ERK-dependent activation of cPLA2 has 

been postulated to generate lysophospholipid precursors for transport into the inclusion 

(Su, McClarty et al. 2004).  In support of this, MEK and cPLA2 inhibitors decrease 

bacterial replication and prevent the incorporation of host-derived glycerophospholipids 

into bacterial membranes (Su, McClarty et al. 2004).  To further define the role of the 

ERK-cPLA2 signaling pathway during infection, we tested the effect of specific inhibitors 

in Chlamydia replication.  In the previous chapter, we reported that treatment with FTI 

did not appear to have any negative effect on inclusion size.  Similarly, the MEK 

inhibitor U0126 had a minimal effect on chlamydial replication at concentrations that 

abolish accumulation of phosphorylated forms of ERK and IL-8 expression, which is in 

agreement with a previous report (Buchholz and Stephens 2007).  In contrast, treatment 
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with the cPLA2 substrate analogue AACOCF3 resulted in a marked decrease in the yield 

of infectious units.  However, we found variability among different batches of cPLA2 

inhibitors (unpublished observations) and the concentrations required to inhibit 

chlamydial replication were significantly higher than those previously reported as 

inhibitory to Chlamydia growth (Su, McClarty et al. 2004).   

Because of our discrepancies in results generated from inhibitors, we decided to 

address the role of cPLA2 in Chlamydia infection using stable knock-down cell lines by 

lentiviral transduction of cPLA2-specific shRNAs.  Chlamydia replicated in cells 

expressing less than 10% of wild type levels of cPLA2 at levels similar to control cell 

lines (Fig. 18).  Because it was possible that residual levels of cPLA2 in knockdown cell 

lines was still sufficient to support Chlamydial replication, we tested if C. trachomatis 

replicated in fibroblasts derived from cPLA2-/- knock-out mice.  Although mouse cells are 

less permissive for C. trachomatis replication than human cells (Croy, Kuo et al. 1975), 

we reasoned that if cPLA2 was essential for chlamydial replication, these cells should be 

highly resistant to bacterial infection.  Unexpectedly, mouse cells lacking cPLA2 were 

highly susceptible to C. trachomatis but not other intracellular pathogens including C. 

muridarum, a mouse-adapted Chlamydia species (Fig 20 and Fig. 21).  Similarly, 

treatment of cPLA2+/+ MEFs with low levels of AACOCL3 promoted C. trachomatis 

replication in mouse cells (Fig. 24).  Overall these findings strongly indicated that cPLA2, 

at least in mouse cells, plays a protective role against C. trachomatis infections.   

The differential susceptibility of mouse strains to C. trachomatis infections has 

been linked to the expression of a family of immunity regulated GTPases (IRGs) which 
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are important for the containment of intracellular parasites (Bernstein-Hanley, Coers et 

al. 2006).  How these GTPases exert their anti-parasitic functions is not well understood, 

although at least a subset of these proteins can be recruited to the surface of pathogenic 

vacuoles and cause loss of membrane integrity and autophagic-mediated clearance 

(Martens, Parvanova et al. 2005; Coers, Bernstein-Hanley et al. 2008; Tiwari and 

Macmicking 2008; Al-Zeer, Al-Younes et al. 2009; Zhao, Khaminets et al. 2009).  C. 

muridarum has evolved a means of immunity to the anti-microbial effects of IRG 

proteins (Coers, Bernstein-Hanley et al. 2008).  Because we did not see enhanced growth 

of C. muridarum in wild-type versus cPLA2-/- knock-out cells and because differences in 

C. trachomatis susceptibility has previously been tied to IRG protein expression, we 

hypothesized that these knock-out cells may be deficient in expression or function of IRG 

proteins.  As predicted, we found that cPLA2-/- MEFS were impaired in IRG expression 

during C. trachomatis infection (Fig. 22) and that this effect can be mimicked by treating 

cPLA2+/+ MEFs with AACOCF3 (Fig. 23).  

The activity of cPLA2 could have been working upstream or downstream of IRG 

expression.  Because IRG expression is a primary response of cells to interferons, we 

tested if cPLA2 was necessary for the ability of MEFs to respond to exogenous 

interferons.  In this scenario cPLA2 would be required for functioning of Type I 

interferon induction of IRG proteins.  Both wild-type and cPLA2-/- MEFs treated with 

Type I and Type II interferons expressed IRGs (Fig. 25 and Figure 30) and contained C. 

trachomatis replication (Fig. 26 and Fig. 31).  These findings suggest that cPLA2 is not 

required for the recognition of interferons or activation of IFN-activated genes.  Instead, 
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cPLA2 activity is likely upstream of Type I interferon expression, possibly required for 

the expression of IFN-β in response to Chlamydia and the activation of IFN-responsive 

genes.  To test this hypothesis we examined the expression of Type I interferons in wild-

type and knock-out MEFs.  We found that cPLA2-/- cells were incapable of expressing 

Type I interferons in response to C. trachomatis.  However, cPLA2-/-  cells are capable of 

expressing Type I interferons in response to a viral RNA proxy (poly I:C) so the 

dependence of cPLA2 for interferon expression appears to be Chlamydia specific. 

It has become increasingly clear that membrane bound intracellular pathogens can 

effectively activate Type I interferon responses, an innate immune pathway that is 

normally associated with anti-viral responses (Theofilopoulos, Baccala et al. 2005).  C. 

trachomatis and C. muridarum activate a Type I interferon response in both human and 

murine cells (Devitt, Lund et al. 1996; Johnson 2004; Lad, Fukuda et al. 2005; 

Nagarajan, Ojcius et al. 2005; Navarini, Recher et al. 2006). 

It is less clear how chlamydial products activate this innate immune pathway.  In 

HeLa cells activation of the Type I interferon response requires the JAK/STAT signaling 

pathway. (Lad, Fukuda et al. 2005).  Also, IFN-β expression in mouse cells during C. 

muridarum infection has been linked to TLR signaling, though is which TLRs that are 

involved is not fully understood (Nagarajan, Ojcius et al. 2005; Derbigny, Hong et al. 

2007).  Studies involving macrophages and fibroblasts suggest that IFN-β expression is 

dependent on the TLR adapter MyD88 (Nagarajan, Ojcius et al. 2005).  In contrast, 

studies using oviduct epithelial cells found that IFN-β expression is dependent on the 

adapter TRIF ((Derbigny, Hong et al. 2007).  Because TRIF and MyD88 operate as 
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adapters for different TLRs (Kenny and O'Neill 2008), the requirement of one or the 

other would implicate a different set of TLRs for IFN-β expression during Chlamydia 

infection.  The discrepancies between these studies have been attributed to differential 

expression of TLR proteins in these different cell lines. 

cPLA2 can play a role TLR signaling (Kikawada, Bonventre et al. 2007; Lee, Lee 

et al. 2008; Ruiperez, Astudillo et al. 2009).  For example, cPLA2 activity is required for 

proper TLR9 signaling in response to exogenous nucleic acids (Lee, Lee et al. 2008).   

Therefore, one model suggests that impaired TLR signaling causes the defect in the 

ability of cPLA2-/- cells to initiate Type I interferon expression.  Because our studies were 

conducted in fibroblasts it is possible that Type I interferon expression in our system is 

MyD88-dependent and that cPLA2 is required for a MyD88-dependent TLR.  

Recently, it has been shown that in Ly6C-positive monocytes, TLR2 can induce 

the expression of Type I interferons upon recognition of non-nucleic acid viral 

components (Barbalat, Lau et al. 2009).   Given that TLR2 and activated cPLA2 have 

been reported to localize to the vicinity of the inclusion (Su, McClarty et al. 2004; 

O'Connell, Ionova et al. 2006), it is possible that TLR2 plays a role in mediating Type I 

interferon responses and that cPLA2 may be required for this signaling event. 

Another means through which the expression of Type I interferon can be initiated 

is through cytosolic pattern recognition receptors (Edwards, Slater et al. 2007).  Like 

other intracellular pathogens, it is likely that a plethora of chlamydial compounds, 

ranging from metabolites to bacterial RNAs, are leaking into the cytoplasm and sensed by 

pattern recognition receptors (McWhirter, Barbalat et al. 2009; Monroe, McWhirter et al. 
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2009).  It is possible that cPLA2 could be playing a role in cytoplasmic recognition of 

chlamydial ligands in the cytoplasm and impairing their ability to initiate interferon 

expression. Two recent examples of this involves the detection of Legionella 

pneumophila RNA by the cytoplasmic PRRs RIG-I and MDA5 (Monroe, McWhirter et 

al. 2009) and bacterial second messenger cyclic-di-GMP by an as yet unknown cytosolic 

PRR (McWhirter, Barbalat et al. 2009), both independent of TLR signaling.  Our data 

suggests that at least part of the cytosolic RNA sensing that is activated during Legionella 

infection is still intact in the absence of cPLA2.  Transfection of poly I:C, which also 

initiates interferon expression through the cytosolic RNA sensor MDA5 (Gitlin, Barchet 

et al. 2006; Kato, Takeuchi et al. 2006), induced a robust interferon response in cPLA2-

defficient MEFs (Fig. 28).  However, it is possible that cPLA2 may be affecting some 

other cytosolic sensor signaling cascade that is activated during Chlamydia infection. 

How cPLA2 may affect immuno-surveillance pathways like TLRs or cytoplasmic 

sensors during Chlamydia infection is not known.  Previously, cPLA2 has been tied to 

TLR signaling via eicosanoid production and the inability of cells lacking cPLA2 to 

produce AA or PGE2 (Wymann and Schneiter 2008).  It is possible that absence of this 

functionality is responsible for the defect in type I IFN expression we observed in cPLA2 

deficient cells. 

cPLA2 removes the acyl chain at the sn2 position of glycerophospholipids to 

generate lysophospholipids (Ghosh, Tucker et al. 2006).  Changes in lysosphospholipid 

content of lipid bilayers alters the curvature of phospholipid bilayers and the formation of 

membrane tubules (Brown, Chambers et al. 2003).  These changes can alter membrane 
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transport from the endosomes and Golgi apparatus (San Pietro, Capestrano et al. 2009).  

Changes in membrane transport may not only impact the trafficking of TLRs or other 

PRR to their proper locations, but may also alter the distribution of bacterial ligands 

within the cell.  Alternatively, cPLA2 activity may impact the availability of chlamydial 

ligands in the cytoplasm by modulating bacterial or inclusion membrane stability or their 

recognition by PRRs.   

The role of cPLA2 in Chlamydia infection is obviously complex and variable 

across different systems.  RNAi-mediated knock-down of cPLA2 showed increased levels 

of phosphorylated Erk during Chlamydia infection (Fig. 19).  Because Erk levels are tied 

to IL-8 secretion (Buchholz and Stephens 2007), this suggests that in humans cPLA2 may 

to be acting to negatively regulate IL-8 production.  In addition, we show that ERK is 

responsible for initiation of COX2 transcription during infection (Fig. 32).  In mice, 

however, cPLA2 plays a critical role in pathogen recognition and induction of Type I 

interferon expression (Fig. 33).  It is currently unknown whether cPLA2 is playing a role 

in TLR signaling, is acting to stabilize membranes or is performing some other function 

in the initiation of interferon responses during Chlamydia infection. Further study is 

needed to determine the way in which cPLA2 is governing these processes. 
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Figure 32: Model for the role of cPLA2 in Chlamydia infection in human 

During C. trachomatis infection of human cells, cPLA2 is activated downstream 
of ERK.  We show that ERK also controls COX2 expression during infection.  
CPLA2 facilitates production of AA which leads to PGE2 secretion.  Whether 
PGE2 or IL-8 are contributing to Ras-activation has not been determined, though 
they are not solely responsible for this activation.  ERK and subsequent cPLA2 
activation may be linked to TLR signaling though possibly in a MyD88-
independent fashion. 
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Figure 33: Model for the role of cPLA2 in Chlamydia infection in mouse 

cPLA2 is critical for successful expression of Type I interferons during C. 
trachomatis infection of mouse cells.  cPLA2 is known to function downstream of 
some TLR signaling and may play a role in TLR signaling during Chlamydia 
infection.  Alternatively, cPLA2 may be acting in conjunction with cytosolic PRR 
signaling to initiate IFN expression.  Which function of cPLA2 may be 
responsible for the observed IFN expression defect (AA or prostoglandin 
signaling, membrane curvature or stability, Golgi/ER trafficking or some other 
function) and how this may impact TLR or cytosolic PRR signaling is not known.  
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Chapter 4. Future Directions 
The work presented here describes the role of the Ras-MEK-ERK pathway and 

the phospholipase cPLA2 in Chlamydia infection.  We tested the linearity of Ras 

signaling in Chlamydia-infected cells and provide genetic and pharmacological evidence 

that components of the Ras signaling pathway are independently activated, indicating that 

Ras and ERK signaling in response to chlamydial infection are uncoupled.  Furthermore, 

we provide evidence that, in murine cells, cPLA2, a downstream effector of ERK 

signaling, regulates autonomous innate immune responses by modulating the expression 

of Type I interferons specifically in response to C. trachomatis infection.  However we 

are left with many exciting challenges and questions to answer. 

Is Ras activated by exocrine factors during Chlamydia infection? 

Though we have shown that Ras and ERK are uncoupled during infection, Ras-

GTP levels still increase during infection.  We have initial data that suggests that Ras 

can be activated by an exocrine factor.  We observe increases in activated Raf and ERK 

in cells treated with conditioned media from infected cells, which is suggestive of 

canonical signaling, but we do not have direct evidence of Ras activation.  If Ras is 

being activated in an exocrine fashion, the next question is: What secreted factor is 

responsible for Ras activation?  The molecular mechanism for secretion of two primary 

pro-inflammatory models has been linked to ERK: IL-8 and PGE2.  Because Ras is still 

activated in infected cells in the presence of ERK inhibitors, whatever secreted molecule 

is responsible is likely independent of ERK activation.  Profiling secreted molecules 
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during infection in the absence of ERK may provide some insights into what molecules 

may be responsible for activating Ras during infection. 

Is Ras activated by a bacterial protein? 

Our data does not rule out that a chlamydial protein is directly responsible for 

activating Ras.  Other Ras superfamily proteins are targeted by Chlamydia proteins.  For 

example, Ras superfamily member Rab4 can interact with Chlamydial protein CT229 

(Rzomp, Moorhead et al. 2006).  Thus far no Chlamydia proteins have been described 

that interact with Ras.  Determining the extent to which bacterial effectors are capable of 

interacting with this signaling molecule and their ability to cause Ras activation may lead 

to further insights into the mechanism by which Ras is activated during infection. 

How does cPLA2 regulate type I interferon expression in mice? 

There are several ways in which cPLA2 may be impacting Type I interferon 

expression during Chlamydia infection.  cPLA2 may be required in TLR signaling, acting 

as a signaling molecule for initiation of Type I expression.  Alternatively, it is possible 

that cPLA2 may play a role in how chlamydial ligands are recognized in the cytoplasm or 

in controlling their availability to intracellular pattern recognition receptors in the 

cytoplasm by modulating bacterial or inclusion membrane stability.  The data that we’ve 

presented thus far does not indicate whether either of these possibilities is occurring and 

further investigation is needed to assign a mechanism to the defect described in this work. 

What is the role of cPLA2 in human infection of C. trachomatis? 

We feel that we have presented compelling evidence that cPLA2 is not essential 

for C. trachomatis growth.  While Chlamydia are capable up taking up lipids generated 
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by cPLA2, they likely have multiple means through which they can gain nutrients from 

the host cell, making those generated from cPLA2 dispensable.  Data from the mouse 

studies presented here suggests that cPLA2 does have a role in innate immune signaling.  

The extent to which cPLA2 plays a similar role in humans is not known.  We have thus 

far been unable to see Type I interferon expression during Chlamydia infection in HeLa 

cells by either ISRE-luciferase reporter or RT-PCR (Data not shown), nor have we been 

able to see the increases in expression of STAT1 that have been previously reported (Lad, 

Fukuda et al. 2005).  We have not fully investigated this discrepancy yet.  Additionally 

we have not evaluated the role of cPLA2 in innate immunity humans.  We do present 

some data that suggests that cPLA2 may be involved in cytokine secretion: cPLA2 knock-

down cells show enhanced levels of phosphorylated ERK.  Because phosphorylated ERK 

levels are tied to IL-8 secretion, it is likely that knock-down cells also have enhanced 

levels of IL-8 secretion during infection.  Therefore, it seems that cPLA2 may be 

negatively regulating secretion of pro-inflammatory cytokines, though the mechanism for 

this is not yet known.
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