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Abstract

Chlamydia trachomatis is the leading cause of bacterial sexually transmitted infections
worldwide and it has been linked to increased risks of cervical cancer. Our study aims to
understand the mechanisms by which chlamydia infection contributes to higher risks of
tumorigenesis. We discovered in over 90% of infected human epithelial cells that chlamydia
inclusions localized to the host cell centre during mitosis and prevented the completion of
cleavage furrow ingression. Infected cells that failed to divide into two daughter cells re-entered
interphase as tetraploid multinuclear cells, which are known initiators of tumorigenesis. In order
to address whether chlamydia actively sought the host cell centre during mitosis, we created
vacuoles using internalized latex beads and our findings indicated that chlamydia inclusions
localized to the host cell centre much more frequently than similarly sized vacuoles. In addition,
we demonstrated that metabolically inactive chlamydia inclusions localized to the cell centre
less frequently than inclusions under normal conditions. Together, these results suggested that
chlamydia actively localized to the host cell centre to efficiently block host cell mitosis. We
took advantage of the microtubule-displacing capability of the C. trachomatis inclusions and
demonstrated that astral microtubules could promote furrow initiation independent of the central
spindle microtubules.
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Microdomains on chlamydia inclusions play important roles in inclusion localization and
chlamydia replication. We discovered that these structures were surprisingly resistant to
bacterial protein synthesis and host Src family kinase inhibitors. Finally, we demonstrated that
multinuclear cells that resulted from unsuccessful mitosis contained significantly higher Golgi
content, an important nutrient source for chlamydia. Our results indicated that C. trachomatis in
multinuclear cells intercepted Golgi-derived lipids faster than in mononuclear cells. Together,
my results reveal that C. trachomatis inclusions robustly localize to the cell centre to block host

cell mitosis in order to acquire host Golgi nutrients more quickly in multinucleated cells.
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Chapter 1

Chlamydia trachomatis pathogenesis and host cell cycle

Literature review

1.1 Human pathogenic Chlamydia species and their
epidemiology
Chlamydia trachomatis is the leading cause of bacterial sexually transmitted infections
worldwide with over 90 million new cases of infection each year. It is estimated that more than
4 million new C. trachomatis infections occur each year in the United States alone (Farris and
Morrison, 2011). C. trachomatis belongs to the Chlamydia genus of the Chlamydiaceae family,
which also includes the genus Chlamydophila (Budai, 2007). There are two main pathogenic
spices for humans within the Chlamydiaceae family: C. trachomatis and Chlamydophila
pneumoniae. In addition, several other chlamydia species can occasionally jump from their
natural animal hosts to humans (Bush and Everett, 2001). The C. trachomatis spices can be
divided into two biovars: trachoma and lymphogranuloma venereum (LGV), based on their
natural tissue tropism (Bush and Everett, 2001; Budai, 2007). Members of the trachoma biovar
usually cause oculogenital infections in patients and primarily infect epithelial cells in the
genital tract or the eye, while LGV biovar (L1-L3) infections show tropism towards lymphatic
tissues (Abu el-Asrar et al., 1998; El-Asrar et al., 2000; Budai, 2007; Stary and Stary, 2008). C.
trachomatis is thought to gain access to the lymphatic tissue through microtraumas that
naturally occur in tissues (Stary and Stary, 2008). Epithelial and fibroblast cell lines are the most
susceptible to C. trachomatis infection in vitro (Budai, 2007). C. trachomatis LGV can also
infect mononuclear phagocytes and sometimes kill them (Yong et al., 1982; Schachter and
Osoba, 1983); however, the replication rate of C. trachomatis is significantly slower in
phagocytes than in epithelial cells or fibroblasts (Yong et al., 1982; Sun et al., 2012). C.
trachomatis infections contribute to a wide range of human diseases, such as pelvic
inflammatory disease, cervicitis and tubal infertility, which may persist even after infection
clearance (Patton et al., 1994; Hafner et al., 2008). In addition, numerous epidemiological
studies have identified C. trachomatis as both an independent factor and a cofactor with Human
papillomavirus (HPV) to cause cervical cancer (Samoff et al., 2005; Silins et al., 2005; Koskela

et al., 2000; Smith et al., 2004; Naucler et al., 2007; Wallin et al., 2002; Madeleine et al., 2007;
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Al-Daraji and Smith, 2009). While the mechanism by which HPV causes cellular transformation
is well established, how C. frachomatis infection contributes to cervical cancer is poorly
understood (Simonetti et al., 2009). One of the challenges associated with C. trachomatis
tumorigenesis studies is that mouse innate immunity can spontaneously clear C. trachomatis
infection without prolonged inflammation (Farris and Morrison, 2011). Even though Chlamydia
muridarum has been used in mouse models to mimic C. trachomatis infection, the two strains
have marked life cycle and pathological differences (Morre et al., 2000). The other major human
pathogen C. pneumoniae can cause community-acquired pneumonia, asthma, and chronic
obstructive pulmonary disease (Hahn, 1995; Johnston and Martin, 2005; Blasi et al., 2002;
Hahn, 1999). In addition, C. pneumoniae has also been linked to atherosclerosis, cardiovascular
disease and Alzheimer’s disease (Shima et al., 2010; Belland et al., 2004; Campbell et al.).
Similar to C. trachomatis, C. pneumoniae has been identified by various epidemiological studies
as a risk factor for lung cancer; however, the tumorigenic mechanism is currently unclear (Zhan
et al., 2011; Littman et al., 2005, 2004). Work presented in this thesis describes a possible

mechanism through which C. trachomatis infection can lead to polyploidy and possibly cancer.

1.2 Chlamydia trachomatis Life Cycle

Chlamydia trachomatis is an obligate intracellular bacterium that exists in two morphologically
distinct forms: the spore-like elementary body (EB) and the replicative reticulate body (RB)
(Abdelrahman and Belland, 2005). The infectious EB form is characterized by its electron-dense
cytoplasm and it is well-adapted for extracellular survival and entry into susceptible host cells
(Abdelrahman and Belland, 2005). The non-infectious, metabolically active RB form is well-
suited for intracellular replication by binary fission (Abdelrahman and Belland, 2005; Shaw et
al., 2000). Upon entry into a susceptible host cell, the EB resides in a host membrane-bound
vacuole termed an inclusion, within which the EB differentiates into a RB and begins to
replicate. Chlamydia inclusion grows substantially in size over time and intercepts essential
nutrients such as amino acids, nucleotides and lipids to sustain bacterial replication (Hackstadt
et al., 1996; Braun et al., 2008; Hackstadt et al., 1995a; Tipples and McClarty, 1993; Hatch,
1975a). In order to disseminate and spread the infection, C. trachomatis has evolved two distinct
mechanisms: the lysis pathway, which kills the host cell in the process, and the extrusion
pathway, which leaves a viable host cell behind (Hybiske and Stephens, 2007). The C.

trachomatis life cycle is briefly summarized in in Figure 1.1.
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Figure 1.1 Life cycle of C. trachomatis. C. trachomatis elementary body (EB) binds to
susceptible host cell surface and induces its own uptake into a membrane bound vacuole, called
an inclusion. Upon entry into the host cell, EB reorganizes itself into the replicative reticulate
body (RB) form within the inclusion and begins to divide. As infection progresses, the inclusion
size increases substantially and RBs begin to differentiate back into EBs. Microdomains (red)
that are enriched in several bacteria-derived Inclusion (Inc) proteins and cholesterol assemble on
the inclusion membrane and play an essential role in C. trachomatis inclusion positioning during
interphase. C. trachomatis can exit the host cell by either lysis, which kills the host cell in the

process, or extrusion, which leaves a viable host cell behind.



1.2.1  Biphasic development cycle of Chlamydia

Chlamydia trachomatis was originally discovered in 1907 as the causative agent for trachoma, a
devastating worldwide disease at the time. However, it was misclassified initially as a protozoan
parasite and then as a virus until the 1960s, when it was finally recognized as a bacterium
(Budai, 2007; Horn, 2008; Byrne, 2003). The Chlamydia development cycle is characterized by
two distinct forms: the infectious but metabolically inactive EB, which is adapted for
extracellular survival, and the non-infectious but metabolically-active RB, which is the
replicative form responsible for bacterial growth inside a host cell. C. trachomatis EBs are
approximately 0.3 pm in diameter and have highly cross-linked outer membrane protein
complex, which provides stable structural rigidity for this spore-like form. A number of
cysteine-rich chlamydial proteins, such as OmpA (Outer membrane protein A), OmcA and
OmcB, are present in the EB’s outer membrane and these proteins through disulfide interactions
provide the strong structural support necessary for extracellular survival (Abdelrahman and
Belland, 2005). A type III secretion system (TTSS), which plays important roles in chlamydia
invasion, is also embedded in the EB outer membrane (Fields et al., 2003; Peters et al., 2007,
Clifton et al., 2004). Within the confines of the bacterial plasma membrane, chlamydial DNA
exists in a highly compacted format with the help of Hcl (Histone H1-like protein Hcl) and
Hc2, two chlamydial histone-like proteins (Brickman et al., 1993; Hackstadt et al., 1991; Barry
et al., 1992). During the internalization process, the highly cross-linked disulfide bonds on the
EB surface become reduced and the chlamydial DNA starts to decondense likely due to
interaction with a small metabolite (Grieshaber et al., 2004; Hackstadt et al., 1985; Shaw et al.,
2000; Cocchiaro and Valdivia, 2009). Following these structural changes, the resulting RBs are
approximately 1 um in diameter and contain decondensed DNA, which allow unimpeded
bacterial transcription and replication (Abdelrahman and Belland, 2005). Large numbers of
chlamydial genes involved in transcription, translation, protein modification and DNA
replication are turned on within 2 hours of entering a susceptible host cell (Shaw et al., 2000).
The RB contains higher density of TTSS than the EB and many of the TTSS in the RBs are
concentrated at contact sites between the RB and the inclusion membrane based on electron
microscopy studies, which may be important for efficient delivery of bacterial effector proteins
into host cytoplasm (Matsumoto, 1982; Peters et al., 2007; Matsumoto, 1981; Fields et al.,
2003). The RB divides by binary fission and begins to asynchronously differentiate back into

EB 15 to 25 hours post infection (hpi). A number of late infection genes, such as Hcl and



OmcB, are activated to suppress global transcription and increase cross-linking in the outer
membrane, which allows the differentiation of RBs into the EB form (Moulder, 1991; Stirling
and Richmond, 1977; Shaw et al., 2000).

1.2.2 Invasion, nutrient acquisition and growth of Chlamydia

C. trachomatis attachment and invasion

The exact mechanisms by which C. trachomatis attaches and infects various cell types remain
unclear; however, it is has been proposed that the attachment of chlamydia EB to the host cell
surface involves two separate steps. The EB first reversibly binds to heparan sulphate-like
glycosaminoglycans on the host cell surface through electrostatic interactions (Figure 1.2A). A
number of seminal studies have shown that GAGs (glycosaminoglycans) and MOMPs (major
outer membrane proteins) on the EB surface play important roles in host cell attachment likely
at the reversible stage (Dautry-Varsat et al., 2005; Davis & Wyrick, 1997; Kuo, Lee, &
Campbell, 2004; Su et al., 1996; Zhang & Stephens, 1992). It has been recently reported that, in
addition to heparan sulfate, sulfation levels of host surface proteins are directly correlated with
C. trachomatis EB attachment (Rosmarin et al., 2012). Following the weak reversible
interaction, the EB irreversibly binds to specific host cell receptors and initiates internalization
(Dautry-Varsat et al., 2005; Carabeo and Hackstadt, 2001; Fudyk et al., 2002). A number of host
surface proteins, such as PDI (protein disulfide isomerase) and PDGFR (platelet-derived growth
factor receptor), have been identified as receptors for the irreversible EB attachment to host cells

(Figure 1.2B) (Elwell et al., 2008; Abromaitis and Stephens, 2009).

Since epithelial cells are the main natural host for C. trachomatis, this bacterium has evolved
mechanisms to induce its efficient uptake by the non-phagocytic host. After the establishment of
a stable interaction with the host cell surface, the EB is known to deliver its effector protein,
TARP (Translocated Actin Recruiting Protein), into the host cytosol to facilitate its
internalization (Clifton et al., 2004). TARP is injected into the host cytosol through the TTSS
and it is rapidly tyrosine-phosphorylated by host cell kinases, such as Abl (Abelson tyrosine-
protein kinase 1) and PDGFR (Elwell et al., 2008). Phosphorylated-TARP contributes to the EB
uptake by recruiting actin and activating the Rho family GTPase, Rac, at the EB attachment
sites (Figure 1.2) (Lane et al., 2008; Carabeo et al., 2004; Elwell et al., 2008; Clifton et al.,

2004). Actin polymerization is required for EB invasion as this process is inhibited by actin-



depolymerization drug cytochalasin D (Boleti et al., 1999; Carabeo et al., 2002). Rac is also
recruited to the sites of EB attachment and activated by two distinct guanine exchange factors
(GEFs), Sosl (Son of sevenless homolog 1) and Vav2 (Guanine nucleotide exchange factor
VAV?2), both of which bind to phosphorylated TARP (Lane et al., 2008). C. trachomatis can
also invade host cells in a process resembling receptor-mediated endocytosis, where clathrin is
recruited to EB internalization sites (Figure 1.2) (Majeed and Kihlstrom, 1991; Hodinka et al.,
1988; Wyrick et al., 1989). Even though defective clathrin machinery generated from
overexpression of dominant negative dynamin and Eps15 (Epidermal growth factor receptor
substrate 15) did not significantly affect C. trachomatis entry into epithelial cells (Boleti et al.,
1999), siRNA against clathrin heavy chain and other components of the clathrin-mediated
endocytosis caused approximately 50% reduction in EB internalization (Hybiske and Stephens,
2007). Clathrin-coated pits and vesicles associate with EBs in polarized epithelial cells cultured
on collagen-coated surface but not on glass (Wyrick et al., 1989). It is currently still unclear
whether the TARP-induced uptake and clathrin-mediated endocytosis are independent or

cooperate together to maximize EB invasion.
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Figure 1.2 Attachment and infection of susceptible host cells by C. trachomatis EB. (A) The EB
first reversibly binds to heparan sulphate and other proteoglycans on the host cell surface
through electrostatic interactions. (B) The EB subsequently irreversibly binds to specific host
protein receptors on the plasma membrane, such as PDI and PDGFR. (C) Internalization of EB
can be achieved through two pathways. The chlamydial effector protein, TARP is injected into
the host cytosol, where it recruits and activates the host Rac protein to promote F-actin assembly
and plasma membrane protrusion. The second pathway occurs in a clathrin-dependent manner
and resembles clathrin-mediated endocytosis.



Upon entry into a susceptible host cell, the EB rapidly differentiates into the metabolically
active RB form inside the host membrane-bound inclusion. The inclusion membrane containing
a newly internalized RB becomes very quickly modified and isolates itself from the endocytic
pathway. Even though the exact mechanisms by which chlamydia inclusions avoid endocytic
targeting remain enigmatic; it is clear that bacterial transcription and translation are essential for
this evasion (Scidmore et al., 1996b, 2003). Inhibition of bacterial transcription or translation
with antibiotics results in the lysosomal degradation of the internalized chlamydia (Scidmore et
al., 1996b). The chlamydia inclusion is devoid of detectable levels of early and late endosome
and lysosomal markers, such as Rab5 (Ras-related protein Rab5), Rab7 and LAMPI1 (lysosome-
associated membrane protein-1), in susceptible host cells (Scidmore et al., 2003; Heinzen et al.,
1996). Interestingly, our laboratory has recently shown that C. trachomatis EBs are targeted
extremely quickly to lysosomes within infected mouse macrophages, a resistant cell type that
can suppress chlamydia growth (Sun et al., 2012). Even though nascent chlamydia inclusions do
not associate with early and late endosomal markers in epithelial cells, they frequently recruit
recycling endosomal markers, Rab1, Rab4, Rab6 and Rab11(Rzomp et al., 2003; Capmany et
al., 2011; Rejman Lipinski et al., 2009).

C. trachomatis nutrient acquisition

C. trachomatis has a substantially reduced genome and lacks several de novo biosynthetic
pathways due to its parasitic life style; and as a result has to import amino acid, nucleotides and
lipids from the host cell for its growth (Kalman et al., 1999; Stephens et al., 1998; Cocchiaro
and Valdivia, 2009; Saka and Valdivia, 2010). C. trachomatis intercepts host-derived
sphingomyelin, cholesterol, and glucosylceramide through not yet fully understood processes
involving Rab GTPases or CERT (ceramide transfer protein) (Carabeo et al., 2003; Scidmore et
al., 1996a; Hackstadt et al., 1996; Su et al., 2004; Hackstadt et al., 1995b; Scidmore et al., 2003,
1996b; Derr¢ et al., 2011). Studies in recent years have identified and highlighted the
importance of a number of recycling and exocytic Rabs in chlamydia lipid acquisition and
growth. siRNA knock down of Rab6 and Rab11 leads to significantly reduced sphingolipid
acquisition and growth rate of C. frachomatis in infected epithelial cells (Rejman Lipinski et al.,
2009). Similarly, disruption of Rab14 function by overexpression of dominant negative
construct in infected epithelial cells also leads to a significant reduction in sphingolipid

interception and C. trachomatis replication (Capmany et al., 2011; Capmany and Damiani,



2010). Moreover, ultrastructural analysis reveals a large number of aberrant C. trachomatis
particles in cells with disrupted Rab14 function (Capmany and Damiani, 2010). C. trachomatis
can exploit CERT, a host protein that is known to be involved in the non-vesicular transport of
ceramide from ER to Golgi, and the inclusion acquires lipids through establishing direct
contacts with the endoplasmic reticulum (ER) (Derr¢ et al., 2011; Hanada et al., 2003). In order
to increase lipid acquisition, C. trachomatis has evolved mechanisms to disrupt the normal
Golgi structure, which will be discussed in detail in section 1.3.1. In addition to the Rab-
mediated and CERT-mediated pathways, C. trachomatis can also target and import intact

neutral lipid droplets from the host cytoplasm (Cocchiaro et al., 2008; Kumar et al., 2006).

Amino acids are another type of nutrient that C. trachomatis co-opts from the host cell, as its
genome does not code for a complete amino acid de novo biosynthesis pathway. C. trachomatis
imports host amino acids under normal growth conditions and its growth is greatly enhanced by
eukaryotic protein synthesis inhibitor, such as cycloheximide, likely due to increased
availability of free amino acids in the host cytosol (Hatch, 1975b; Ripa and Mérdh, 1977;
Harper et al., 2000). Removal of all or single amino acids from the growth medium typically
leads to attenuated C. trachomatis replication (Karayiannis and Hobson, 1981; Harper et al.,
2000; Allan et al., 1985). Interestingly, several amino acids, such as leucine, isoleucine,
methionine, or phenylalanine, when present in excess disrupts chlamydia growth (Al-Younes et
al., 2006; Braun et al., 2008). This has been attributed to the competitive inhibitory effect on the
chlamydia amino acid transporter BrnQ (Branched-chain amino acid transport system carrier
protein BrnQ) by these excess amino acids, which prevents the import of another essential
amino acid valine into the inclusion (Braun et al., 2008). Another potential source of amino
acids and oligopeptides that can be exploited by C. trachomatis comes from recently degraded
proteins in the host lysosome. Even though chlamydia inclusions do not colocalize with
lysosomal markers (Heinzen et al., 1996; Scidmore et al., 2003), inclusions are in close
proximity of the lysosomes throughout the infection (Ouellette et al., 2011). Degradation
products of exogenous proteins containing taggable amino acid are incorporated into C.
trachomatis inclusions and these degradation products promote chlamydia growth under

nutrient-deprivation conditions (Ouellette et al., 2011).

Chlamydia does not have the biosynthetic machinery capable of carrying out de novo synthesis

of purines and pyrimidines and has evolved at least two nucleotide transporters, Npt1l
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(nucleoside phosphate transporterl) and Npt2, to meet its DNA replication and energy
transduction needs (Saka and Valdivia, 2010; Tjaden et al., 1999). Through these transporters,
C. trachomatis imports three (ATP, GTP and UTP) nucleotides into the inclusion, while CTP
can be imported from the host cytosol or converted from UTP by chlamydial enzymes (Tipples
and McClarty, 1993). Even though C. trachomatis imports ATP from the host, it still contains
sufficient glucose metabolic enzymes that are capable of replenishing its energy supply (Iliffe-
Lee and McClarty, 1999). Lastly, C. trachomatis co-opts iron from the host cell for its growth
and iron deficiency leads to aberrant chlamydia development and reduced replication (Raulston,
1997; Al-Younes et al., 2001). The chlamydia ribonucleotide reductase, an enzyme responsible
for DNA replication, requires iron (III) as a cofactor for its normal function (Roshick et al.,

2000; Jiang et al., 2007).
C. trachomatis growth

As the infection progresses, a large number of mid-cycle chlamydial genes become activated
between 6 and 12 hpi. Many of these genes encode for proteins on the inclusion membrane or
are involved in chlamydia metabolism and growth (Shaw et al., 2000). IncA (Inclusion
membrane protein A) is one of the proteins that are expressed during the mid-cycle and it is
important for mediating homotypic fusions between nascent C. frachomatis inclusions to form a
single, large inclusion in the same host cell (Figure 1.3) (Hackstadt et al., 1999; Shaw et al.,
2000). IncA mutants typically show drastically reduced replication rate based on reinfection and
PCR-based assays. Instead of a single large inclusion, host cells infected with IncA mutants
have many smaller inclusions in the cytoplasm (Suchland et al., 2008; Xia et al., 2005). The
exact physiological benefits of fusion between smaller inclusion remains to be fully elucidated,
because conventional gene-specific knockout tools currently do not exist for chlamydia and
naturally occurring IncA mutant strains may carry additional mutations that will likely confound
the results. Of particular interest to the research that will be presented in Chapter 4, mid-cycle
Inc101, Inc222 and Inc850 along with the early-cycle IncB form small patches on the inclusion
membrane surface called microdomains (Figure 1.3) (Mital et al., 2010). These microdomains
can recruit active host Src family kinases, a group of tyrosine kinases that regulate a wide range
of cellular functions, and are enriched in cholesterol (Figure 1.3) (Mital et al., 2010). Signaling
pathways involving Src family kinases include adhesion and spreading, lamellipodia and

migration, cell cycle progression and phospholipid metabolism (Thomas and Brugge, 1997). Src
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kinase activities are significantly enhanced at 20 hpi and this enhancement depends on
chlamydia protein synthesis (Mital and Hackstadt, 2011a). Active Fyn, a member of the Src
family kinases, is recruited to the inclusion microdomains and plays an important role in
sphingolipid acquisition by chlamydia (Mital and Hackstadt, 2011b). Moreover, these
microdomains are essential for early trafficking of C. trachomatis inclusions to the microtubule
organizing centre (MTOC) during interphase in the host cell (Figure 1.3) (Mital and Hackstadt,
2011a). C. trachomatis hijacks the retrograde MT-dependent dynein motor for its trafficking to
the host MTOC and sequestration of dynein with blocking antibody microinjection abolishes
this MTOC targeting of the inclusions (Grieshaber et al., 2003b). Interestingly, C. trachomatis
inclusions in cells with attenuated Src family kinase activities also exhibit a dispersed
distribution within the host cell similar to inclusions in cells microinjected with the dynein
blocking antibody (Mital and Hackstadt, 2011a). These observations suggest that Src family
kinases and dynein likely cooperate together to achieve the MTOC targeting of C. trachomatis
inclusions. Consistent with this theory, inclusion microdomains, which colocalize with active
Src kinases, overlap with dynein and spindle MTs during mitosis (Mital et al., 2010). Even
though C. trachomatis growth is significantly reduced in cells with attenuated Src kinase
activities where the inclusions are not trafficked to the host MTOC, the exact physiological
impact of host MTOC targeting of C. trachomatis inclusion is still not fully understood due to
the confounding effect of Src family kinases’ involvement in C. trachomatis lipid acquisition
(Mital and Hackstadt, 2011a; b). My work examining the role of microdomains in C.
trachomatis inclusion positioning in mitosis, particularly after pharmacological inhibition, is

presented in Chapter 4.
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Figure 1.3 Inc proteins mediate inclusion fusion and microdomain formation. IncA is essential
for the fusion of smaller inclusions into a single large inclusion. IncB, Inc101, Inc222 and
Inc850 form small clusters on the inclusion surface termed microdomains. Microdomains can
recruit active host Src family kinases and are enriched in cholesterol. Microdomains play
important roles in lipid acquisition and association with the host cell MTOC.
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As chlamydia RBs replicate by binary fission, the inclusion size also increases drastically over
the course of the infection and by the end of the infection cycle the inclusion can occupy most of
the host cytoplasm (Valdivia, 2008). Space constraint placed on the inclusion by densely packed
host cytoskeletons is originally thought to be alleviated by the activities of the bacterial effector
protein, chlamydial protease-like activity factor (CPAF) (Zhong, 2009; Kumar and Valdivia,
2008; Dong et al., 2004). Reorganization and recruitment of actin and intermediate filament
around large chlamydia inclusions occurs after 26 hpi (Kumar and Valdivia, 2008). The
presence of intact F-actin and intermediate filament networks are important for maintaining
chlamydia inclusion integrity and disruption of these cytoskeletal networks with
pharmacological agent or genetic knockout leads to deformed chlamydia inclusions (Kumar and
Valdivia, 2008). This cytoskeletal rearrangement is initially attributed to CPAF, because this
secreted chlamydial effector cleaves a number of host signaling and cytoskeletal proteins,
including several members of the intermediate filament cytoskeleton (Kumar and Valdivia,
2008; Zhong, 2009; Dong et al., 2004). However, a preeminent study published in late 2012
shows that most of the reported cleavage or degradation of host proteins, including intermediate
filament proteins, by CPAF are in fact artifacts of the cell lysate collection procedure (Chen et
al., 2012). Chen et al. convincingly demonstrate that CPAF degradation of host proteins occurs
only after the addition of radioimmunoprecipitation assay (RIPA) buffer, because brief
treatment with a CPAF inhibitor immediately before lysate collection abolishes the cleavage of
host proteins. Moreover, lysates collected with high concentration of urea, which leads to the
instant denaturation of all proteins including CPAF, show no signs of degradation or cleavage of
any of the tested host proteins that have been previously reported as substrate of CPAF.
Nevertheless, the observation that F-actin and intermediate filaments are recruited to large C.
trachomatis inclusions is still reproducible, indicating these cytoskeletal elements are modified,
but through currently unknown mechanisms (Chen et al., 2012). The now disputed CPAF is still
found to be autocatalytic and cleaves itself to become activated in infected cells with the new
lysate collection procedure (Chen et al., 2012). A number of reported host and chlamydial
proteins remain to be tested to confirm whether they are authentic substrates of CPAF in intact
cells (Chen et al., 2012). Prolonged inhibition of CPAF activity with a membrane-permeable
CPAF-specific inhibitory peptide leads to aberrant chlamydia inclusion and drastically reduced
replication, indicating CPAF still plays an important role in maintaining normal C. frachomatis

growth, albeit through yet to be determined mechanisms (Jorgensen et al., 2011).
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1.2.3 Exit and dissemination strategies

As early as 18 hpi the RBs begin to asynchronously transition back into the EB form and loss of
contact of RBs with the inclusion membrane may be the developmental cue that prompt the RBs
to begin differentiating into the EB form (Peters et al., 2007; Wilson et al., 2006). Even though
the exact differentiation steps are still mostly elusive, a number of late-cycle genes, which often
encode EB-specific proteins, are activated around this time. OmcB, a cysteine-rich EB outer
membrane protein that provides structural stability, is synthesized during the RB to EB
transition (Clarke et al., 1988; Shaw et al., 2000). In addition to providing strong structural
support, OmcB is also identified as a surface-exposed adhesin responsible for the initial
attachment of EBs to the host cells (Fadel and Eley, 2007; Moelleken and Hegemann, 2008).
Similarly, the histone-like protein Hcl, responsible for condensing the chlamydial DNA to meet
the space constraint of an EB, is produced at the same time (Grieshaber et al., 2006a; Shaw et
al., 2000). In addition, lipooligosaccharide plays an important role in the transition of C.
trachomatis RB to EB. Disruption of lipooligosaccharide synthesis with pharmacological
inhibitors prevents the production of infectious progenies without affecting the formation of
large C. trachomatis inclusions, which are filled with RBs that are unable to transition back into
the infectious EB form (Nguyen et al., 2011). Interestingly, C. trachomatis appears to have a
lipooligosaccharide-sensing mechanism, because inhibition of lipooligosaccharide production

causes substantially reduced OmcB, but not Hcl synthesis (Nguyen et al., 2011).

Unlike the enigmatic transition from RB to EB, the release of C. trachomatis from host cells at
the end of the infection cycle is relatively well documented. C. frachomatis can exit from the
host cells in two distinct mechanisms: lysis or extrusion (Valdivia, 2008). The lysis pathway is
characterized by the rapid ordered permeabilization of inclusion membrane, nuclear membrane
and host plasma membrane (Hybiske and Stephens, 2007). This process requires cysteine
proteases and pharmacological inhibition of these proteases prevents the initial lysis of the
inclusion membrane (Hybiske and Stephens, 2007). The extrusion pathway is dependent on host
F-actin, myosin II and RhoA (Ras homolog gene family member A) activities and it takes 2-3
hours to complete. At the beginning of extrusion, the inclusions protrude from the host cell and
live imaging experiments show that these inclusions remain continuous with the host cell for
some time before becoming fully released from the host (Hybiske and Stephens, 2007; Chin et
al., 2012). Depolymerization of F-actin, or inhibition of myosin II or RhoA with

pharmacological agents, leads to almost complete inhibition of extrusion events. Interestingly,
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jasplakinolide, a drug that stabilizes F-actin and prevents F-actin depolymerization, increases
the extrusion frequency to 100% of infected cells (Hybiske and Stephens, 2007). Consistent
with this, C. trachomatis inclusions are surrounded by F-actin-rich coats, the disruption of
which leads to significantly reduced extrusion events (Chin et al., 2012). Moreover, chlamydia
protein synthesis and functional TTSS are both essential for maintaining these actin coats,
indicating that C. trachomatis actively secretes effector proteins to sustain these structures.
TARP has F-actin nucleating and bundling properties; however, its involvement in C.
trachomatis extrusion remains to be tested (Jiwani et al., 2013; Jewett et al., 2006). Following
chlamydia release, the fusion of lysosomes with host plasma membrane helps with wound repair
to maintain host cell integrity (Beatty, 2007). This fusion event is serovar-specific and it
requires calcium ions and actin-depolymerization. Depletion of calcium or inhibition of actin-
depolymerization with pharmacological agents significantly reduces fusion events between

lysosomes and host plasma membrane and host cell survival (Beatty, 2007).

1.3 Chlamydia trachomatis-induced cellular defects

C. trachomatis infections can induce numerous host cellular defects including Golgi
fragmentation, supernumerary centrosomes, abnormal cell cycle and increased frequency of
multinucleation (Johnson et al., 2009; Heuer et al., 2009; Knowlton et al., 2011; Balsara et al.,
2006; Greene and Zhong, 2003). The exact mechanisms by which C. trachomatis causes these
defects still remain fully elucidated; however, it is evident that many host proteins are exploited
by C. trachomatis and contribute to these cellular defects. C. trachomatis induces Golgi
fragmentation to enhance its lipid acquisition and accelerate its growth; however, it is still
unclear what benefits C. trachomatis can gain from inducing supernumerary centrosomes,
abnormal host cell cycle and multinucleation. The most glaring difficulty associated with
studying these pathogenic mechanisms is the lack of specific genetic knockout tools for
chlamydia (Heuer et al., 2007). Several recent advances in Chlamydia genetics attempt to
address this problem which may accelerate our understanding of chlamydia pathogenesis
(Nguyen and Valdivia, 2012; Kari et al., 2011). C. trachomatis-induced cellular defects

discussed below are also diagrammatically summarized in Figure 1.4.

1.3.1  Golgi fragmentation

The Golgi apparatus is an organelle essential for the proper trafficking, processing and post-

translational modification of eukaryotic proteins and lipids (Holthuis et al., 2001; Tang and
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Wang, 2013). The mammalian Golgi apparatus consists of a number of flattened membranes
(cisternae) stacked in parallel and is usually located in close proximity to the host MTOC
(Shorter and Warren, 2002; Tang and Wang, 2013). Maintenance of the Golgi structure requires:
an intact cytoskeletal network, such as MTs and F-actin; the continuous trafficking of membrane
to and from other organelles; and members of the golgin and GRASP (general receptor for
phosphoinositides-associated scaffold protein) protein families. Depolymerization of F-actin in
mammalian cells causes the Golgi to collapse into a compact structure (Egea et al., 2006), while
depolymerization of MTs leads to dispersion of the Golgi stacks away from the host MTOC
(Tang and Wang, 2013). Inhibition of membrane trafficking from endoplasmic reticulum to
Golgi with pharmacological agents such as Brefeldin A causes the loss of the stacked
appearance of the Golgi, which can be reversed upon removal of Brefeldin A (Seemann et al.,
2000a). The golgin family proteins are characterized by extensive coiled-coil domains, which
may allow them to form stable tethering between cisternae or with transport vesicles. The golgin
protein family have many members, such as Golgin84, GM130 (Golgi matrix protein of 130
kDa), p115, and giantin (Munro, 2011). Even though the exact mechanism remains unclear,
Golgin84 is important for maintaining the integrity of the Golgi stacks and interestingly,
overexpression or depletion of this protein causes Golgi stack fragmentation (Diao et al., 2003;
Munro, 2011). The more well-studied member of the golgin family, GM130 interacts with p115
and giantin to mediate the tethering and fusion of ER-to-Golgi carriers with the Golgi
(Seemann et al., 2000a; b; Marra et al., 2007). The depletion of GM130 leads to the shortening
of the cisternae and fragmentation of the Golgi stacks (Marra et al., 2007). Due to its long
coiled-coil domain, GM130 is likely involved in the tethering of adjacent cisternae within the
Golgi stacks (Tang and Wang, 2013). Golgi reassembly stacking protein of 65 kD (GRASP65)
and GRASPS55 localize to the cis-Golgi and medial-to-trans Golgi respectively and cooperate
together to maintain Golgi stack stability (Xiang and Wang, 2010). GRASP65 and GRASP55
first form stable homodimers on the same cisterna and subsequently these homodimers from
adjacent cisternae can form oligomers that hold the cisternae in stacks (Tang and Wang, 2013).
While depletion of GRASP65 or GRASPSS individually with siRNA reduces the number of
cisternae in the Golgi stack, simultaneous depletion of both proteins with siRNA leads to the
complete disassembly of the entire Golgi stack (Xiang and Wang, 2010). GRASP65 binds to
and recruits GM 130 to the cis-Golgi, which subsequently recruits p115 and giantin to the cis-
Golgi network (Barr et al., 1998; Tang and Wang, 2013).
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Figure 1.4 C. trachomatis infection leads to host Golgi fragmentation, centrosome
amplification, mitotic entry delay and multinucleation. After C. trachomatis infection, the Golgi
breaks down into mini-stacks and surrounds the inclusion, which is essential for efficient C.
trachomatis lipid acquisition. Host centrosome numbers increase as C. trachomatis infection
progresses and the majority of the amplified centrosomes lack mature centrosomal markers
indicating they did not simply arise from failed cytokinesis. The number of multinucleated host
cells increases over the course of the C. trachomatis infection and it has been postulated but not
proven to be a result of cytokinesis failure.
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In order to segregate into two daughter cells, the Golgi undergoes extensive fragmentation and
vesiculation during early mitosis; as a result, proteins involved in maintaining normal Golgi
integrity must be inactivated accordingly (Tang and Wang, 2013; Shorter and Warren, 2002;
Wei and Seemann, 2010). A large number of G2 and mitotic kinases contribute to the
fragmentation and vesiculation process by inactivating the maintenance factors (Persico et al.,
2009). GRASP65 contains multiple phosphorylation sites for CDK 1 (cyclin-dependent kinase
I)and PIk1 (polo-like kinase 1) and the phosphorylation of these sites can disrupt the
oligomerization that holds the cisternae together, leading to the separation of the Golgi stacks
(Tang and Wang, 2013; Wang et al., 2003). Similarly, GRASPS55 can be phosphorylated and
inactivated by mitogen-activated protein kinase 1 (MEK1) and extracellular-signal-regulated
kinase 1 (ERK) during G2 to M transition (Corda et al., 2012; Xiang and Wang, 2010; Shorter
and Warren, 2002; Tang and Wang, 2013). During early mitosis, Golgin84 also becomes
phosphorylated, which may modify its activities to promote further Golgi fragmentation (Tang
and Wang, 2013; Diao et al., 2003; Munro, 2011). Phosphorylation of GM130 by CDK1 at
serine 25 during early mitosis prevents its interaction with p115, which contributes to the
vesiculation of the Golgi (Lowe et al., 2000, 1998; Tang and Wang, 2013). Following the
extensive vesiculation process, the Golgi mostly disintegrates into a Golgi haze consisting of
thousands of sub-micron vesicles (Gaietta et al., 2006; Colanzi et al., 2003). A small number of
Golgi membrane structures do not undergo vesiculation and carry GRASP and golgin proteins
throughout mitosis, which may act as templates for Golgi reassembly during late mitosis.
Interestingly, the Golgi membrane structures accumulate near each mitotic spindle pole, which
may facilitate the Golgi inheritance into two daughter cells (Persico et al., 2009; Wei and

Seemann, 2009; Shima et al., 1998).

During C. trachomatis infection, the Golgi stacks become progressively fragmented, which is
important for normal chlamydia growth and development (Heuer et al., 2009; Rejman Lipinski
et al., 2009; Christian et al., 2011). It is initially believed that C. trachomatis induces Golgi
fragmentation by its secreted effector protein CPAF, as ectopic expression of this protein in host
cells leads to Golgi fragmentation (Christian et al., 2011). By 36 hpi, intact Golgin84 protein is
no longer detectable by western blotting (Heuer et al., 2009). Moreover, C. trachomatis-induced
Golgi fragmentation can be prevented by treatment with CPAF inhibitors and siRNA knock
down of Rab6 and Rab11 (Rejman Lipinski et al., 2009; Heuer et al., 2009; Christian et al.,
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2011). Neither C. trachomatis infection, nor ectopic expression of CPAF in Rab6 and
Rab11deficient cells leads to Golgi fragmentation, demonstrating the importance of these two
Rab GTPases. When Golgi fragmentation is inhibited in C. trachomatis-infected cells with
pharmacological agents or siRNA against Rab6 or Rab11, lipid acquisition and growth rate of C.
trachomatis is significantly reduced (Rejman Lipinski et al., 2009; Heuer et al., 2009). Even
though there is compelling evidence that CPAF cleaves Golgin84 resulting in the fragmentation
of the Golgi stacks, the recent study by Chen et al. shows that CPAF does not actually cleave
Golgin84 in intact host cells and the cleavage only occurs during the cell lysis procedure using
RIPA buffer (Chen et al., 2012). When C. trachomatis-infected cells at 36 hpi are treated with
CPAF inhibitor cl/asto-lactacystin 1 hour prior to lysis by RIPA, only intact Golgin84 protein is
detected by western blot. Moreover, when cells are lysed with 8 M urea, which instantaneously
denatures all enzymes including CPAF, only intact Golgin84 is detected. Nevertheless, Golgi
still undergoes fragmentation following C. trachomatis infection and C. trachomatis in cells
with non-fragmented Golgi grows substantially slower. These findings suggest that C.
trachomatis induces Golgi fragmentation through a currently unknown mechanism to gain
additional growth advantage by acquiring lipids more quickly (Chen et al., 2012). In this thesis,
we present evidence that C. trachomatis may block host cell mitosis to gain access to additional

Golgt lipids.

1.3.2 Centrosome amplification

The centrosome/ MTOC is the primary MT nucleating centre and it is essential for all MT-
dependent processes, such as vesicle transport, organelle localization, and mitosis (Fukasawa,
2005). The centrosome consists of a pair of centrioles that are surrounded by a large number of
pericentriolar material proteins (Andersen et al., 2003; Fukasawa, 2005; Bettencourt-Dias and
Glover, 2007). Centrosome duplication is tightly regulated and only occurs once per cell cycle
during S phase under normal conditions (Fukasawa, 2005). A large number of proteins
contribute to the regulation of centrosome duplication and among these are the cell-cycle-
specific kinases such as Plk4 and CDK2 (Strnad and Gonczy, 2008). Centrosome duplication is
carried out through a semi-conservative mechanism where each existing centriole acts as the
template for the formation of the new daughter centriole (Fukasawa, 2005; Bettencourt-Dias and
Glover, 2007; Strnad and Gonczy, 2008; Kleylein-Sohn et al., 2007; Nigg, 2007). Following
centrosome duplication in S phase, G2 cells contain two centrosomes that are tethered together

to prevent premature separation (Bahe et al., 2005; Yang et al., 2006). Throughout the G2 phase,
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the newly formed centrioles undergo a maturation process, which recruits additional
centrosomal proteins, such as y-tubulin and Cep170 (centrosomal protein 170kDa) (Kleylein-
Sohn et al., 2007). As a result, age/maturity of the centrioles can be inferred based on the
presence of these proteins. By late G2 phase, two fully matured centrosomes separate from each
other and form the mitotic spindle poles. Following normal mitosis, each daughter cell inherits
one spindle pole and re-enters interphase with one centrosome (Strnad and Génczy, 2008;
Fukasawa, 2005). Centrosome duplication is under tight regulation, because centrosome
abnormalities can have severe consequences such as multiple mitotic spindle poles,
missegregation of chromosomes, aneuploidy and cancer formation (Fukasawa, 2005; Nigg,
2007). Cellular defects such as loss of p53 function, uncoupling of centrosome duplication from
cell cycle and cytokinesis failure can all lead to supernumerary centrosomes (Fukasawa et al.,
1996; Duensing et al., 2000; Fukasawa, 2005; Meraldi et al., 2002). Experimental manipulation
of proteins involved in the centrosome duplication process, such as Plk4 and CDK2, can also

cause centrosome number fluctuations (Strnad and Gonczy, 2008).

C. trachomatis infection can lead to abnormal centrosome/MTOC positioning and
supernumerary centrosomes in host cells and the number of centrosomes increases over time in
infected cells (Grieshaber et al., 2006b). Instead of the usual perinuclear localization,
centrosomes are frequently associated with C. frachomatis inclusions and become distanced
from the nucleus (Grieshaber et al., 2006b). More than 50% of C. trachomatis-infected cells
contain more than two y-tubulin-positive centrosomes by 40 hpi, many of which develop
multiple spindle poles and misaligned chromosomes after entering mitosis (Grieshaber et al.,
2006b). The majority of the amplified centrosomes in C. trachoamtis-infected cells are
immature centrosomes that lack mature centriole marker Cep170 (Johnson et al., 2009).
Moreover, C. trachomatis may exploit host cell kinases that normally regulate centrosome
duplication, such as Plk4 and CDK2, to cause centrosome amplification. Disruption of Plk4 and
CDK2 activities in C. trachomatis-infected cells with dominant negative construct transfections
can return the centrosome numbers to uninfected levels (Johnson et al., 2009). In addition, C.
trachomatis also disrupts the centrosomal clustering mechanism, which can group multiple
centrosomes into two spindle poles to prevent multipolarity during mitosis (Quintyne et al.,
2005; Knowlton et al., 2011). Another recent study shows that centrosome mislocalization from
the perinuclear region and genetic instability may occur in a chlamydia-infected mouse model

(Knowlton et al., 2013). Even though there is clear evidence that C. trachomatis causes host cell
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centrosome amplification and mitotic spindle pole multipolarity, the exact physiological benefits

for C. trachomatis to cause these defects remains elusive.

1.3.3  Host cell cycle impediment and multinucleation caused by
Chlamydia

Cell cycle of somatic mammalian cells

The somatic mammalian cell cycle is characterized by highly regulated duplication of DNA and
organelles followed by division of the nucleus and cytoplasm into two daughter cells. Many
proteins are involved in the progression through the four main phases of the cell cycle: G1
(preparation for DNA replication), S (DNA replication), G2 (preparation for mitosis) and M
(cell division) (Teixeira and Reed, 2013). Cell-cycle-dependent kinases and cyclins are the
central orchestrators of cell cycle signaling and they exert their regulatory activities by forming
CDK-cyclin complexes, which can phosphorylate many target proteins that drive cell cycle
progression (Teixeira and Reed, 2013; Malumbres and Barbacid, 2009). CDKs levels are
relatively constant throughout the cell cycle and they are completely inactive in the absence of
cyclin binding partners, while the levels of cyclins fluctuate greatly depending on the cell cycle
stage. Cyclin levels are controlled through highly specific ubiquitin-mediated proteolysis. CDK
activities are modulated by stimulatory or inhibitory phosphorylation and the presence of
negative regulatory proteins (Teixeira and Reed, 2013). Major CDKs and their activating cyclins

are summarized in Figure 1.5.

In normal somatic G1 cells, mitogenic signals are sensed by cyclinD, which then binds and
activates CDK4 and 6. The activated CDK4/6 complexes turn on a number of genes that are
essential for S phase (DNA replication) entry, such as cyclinE and DNA polymerase a (Teixeira
and Reed, 2013; Malumbres and Barbacid, 2005). Following the expression of cyclinE, CDK2
becomes activated by forming complex with it to promote entry into S phase. Upon entry into S
phase, cyclinE is degraded and cyclinA takes over its role by forming complexes with CDK2
(Malumbres and Barbacid, 2009; Sherr, 2000). In addition to activating CDK2, cyclinA also
activates CDK1 and both CDK2-cyclinA and CDK1-cyclinA complexes are responsible for the
completion of S phase and the transition to G2 (Malumbres and Barbacid, 2009). CyclinA levels
decrease during G2 as they become degraded by ubiquitin-mediated proteolysis, while cyclinB
levels begin to rise. Consequently, the cyclinA in CDK1-cyclinA complexes are replaced by

cyclinBs such as cyclin B1 and B2. The CDK1-cyclinB1 complex has more than 70 known
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substrates and regulates numerous events at the G2 to M transition including: centrosome
separation, Golgi fragmentation, chromosome condensation and nuclear lamina breakdown
(Malumbres and Barbacid, 2005). CDK1-cyclinB1 complex activities are essential for the entry
into and proper progression through mitosis (Malumbres and Barbacid, 2005; Hochegger et al.,
2008; Malumbres and Barbacid, 2009). Interphase cells with compromised CDK 1-cyclinB
complex activity by either pharmacological inhibition or genetic knock down of cyclinB
accumulate in G2 and have difficulties entering mitosis (Vassilev et al., 2006; Yuan et al., 2004;
Maurer et al., 2009; Brandeis et al., 1998). In addition, pharmacological inhibition of CDK1
activity in mitotic cells leads to premature anaphase onset and mitotic exit (Vassilev et al.,
2006). During late mitosis, anaphase promoting complex/cyclosome (APC/C) facilitates the
termination of CDK1 activity by targeting cyclinB for degradation (Malumbres and Barbacid,
2009). The reduced CDKI activity leads to the reversal of cellular changes that occur during
mitosis and allow cells to re-enter interphase (Malumbres and Barbacid, 2009; Teixeira and

Reed, 2013).
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CyclinD
CDK4
CDK6

CyclinE
CyclinA
CDK2

Figure 1.5 Major CDKSs and cyclins responsible for mammalian cell cycle progression. In
response to mitogenic signals, cyclinD activates CDK 4 and 6, which prepare the cell for
entering S phase. CyclinE and cyclinA sequentially activate CDK2 to promote entry into and
progression of S phase, during which DNA is replicated. In addition to CDK2, cyclinA also
activates CDK 1, which drives the completion of S phase and entry into G2. During G2, cyclinA
is gradually replaced by cyclinB in forming complexes with CDK 1, which is essential for

promoting mitotic entry.
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Several checkpoints exist in the cell cycle and coordinate with CDK complexes to ensure the
accurate passage of complete genetic information to daughter cells (Elledge, 1996; Russell,
1998; Nigg, 2001). DNA damage or unreplicated DNA can trigger the DNA structure
checkpoint and delay S phase or mitotic entry by preventing the activation of CDKs (Nigg,
2001; Karlsson-Rosenthal and Millar, 2006). Once cells enter mitosis, they are subject to the
spindle assembly checkpoint (SAC), which prevents chromosome segregation and anaphase
onset until all chromosomes have the correct bipolar attachment (Nigg, 2001). Both the DNA
structure checkpoint and the SAC are essential in maintaining genome stability and loss of
function in either checkpoint can lead to increased risks of cancer (Kops et al., 2005; Malumbres

and Barbacid, 2009).

Cell cycle of C. trachomatis-infected mammalian cells

Cells infected by C. trachomatis can still undergo mitosis; however, the time required to
complete the cell cycle is significantly longer than uninfected cells and increases with increasing
bacterial load (Balsara et al., 2006; Greene et al., 2004; Horoschak and Moulder, 1978). C.
trachomatis may also impede the host cell cycle by disrupting host mitotic entry or cytokinesis
(Greene and Zhong, 2003; Balsara et al., 2006). It is originally discovered that cyclinB1, a major
component of the CDK1-cyclinB complex essential for mitotic entry, is degraded following C.
trachomatis infection (Balsara et al., 2006). In addition, the level of active CDKI1 is significantly
lower after C. trachomatis infection (Balsara et al., 2006). Subsequent studies suggest that the
chlamydia effector CPAF is responsible for the degradation of cyclinB1, as ectopic expression
of CPAF in uninfected cells is sufficient to cause similar cyclinB1 degradation as C.

trachomatis infection (Paschen et al., 2008; Christian et al., 2011). The recent study by Chen et
al. shows that cyclinB1 degradation is in fact an artifact of RIPA lysis and does not occur in
intact cells; however, it is unclear whether the decrease in active CDK1 level is also a RIPA
lysis artifact (Balsara et al., 2006; Chen et al., 2012). Nevertheless, C. trachomatis-infected cells
still have a substantially longer cell cycle. A recent study using long term live cell imaging
shows that the S and G2 phase of C. trachomatis-infected cells are more than 50% longer than
that in uninfected cells (Brown et al., 2012). In addition to mitotic entry delay, studies have
suggested that CPAF may act like APC/C and cause untimely degradation of securin, which
may lead to the premature separation of sister chromatids and genome instability (Knowlton et

al., 2011; Brown et al., 2012). However, it is still unclear whether securin is a true CPAF
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substrate in intact cells, as these studies are not conducted under instant denaturation conditions
that can prevent in vitro degradation artifacts (Knowlton et al., 2011; Brown et al., 2012). The
current evidence indicates that C. frachomatis prolongs the host cell cycle through an unknown

mechanism and may interfere with the host SAC.

1.4 Eukaryotic host cell mitosis and cytokinesis

The somatic cell cycle in eukaryotes is completed with the segregation of duplicated genetic
material and the cytoplasm into two identical daughter cells through mitosis and cytokinesis.
The CDK1-cyclinB complex is essential for mitotic entry by phosphorylating and activating
many signaling proteins that mediate numerous cellular changes during mitosis, such as nuclear
envelop breakdown, chromosome condensation, centrosome separation and mitotic spindle
assembly (Hochegger et al., 2008; Enserink and Kolodner, 2010; Musacchio, 2011). Due to the
high fidelity requirement in the cell division process, mitosis and cytokinesis are under strict
regulation by a large number of proteins. The SAC is the best studied mitotic checkpoint that is
responsible for safeguarding the faithful separation of chromosomes (Musacchio and Salmon,
2007). SAC prevents mitotic progression past metaphase until all of the chromosomes are
correctly attached and oriented (Musacchio and Salmon, 2007). Cytokinesis, division of the
cytoplasm, is achieved by the formation and constriction of a contractile ring and sealing of a
narrow cytoplasmic canal between two daughter cells. The cytokinetic process is controlled by a
large number of proteins that cooperate together to ensure successful cytoplasmic division.
Failure in cytokinesis due to experimental manipulation or naturally occurring defects, such as

chromosome bridges, can lead to the formation of tetraploid progeny cells.

141 Mitosis and mitotic SAC

Mitotic SAC in normal mammalian cells

The M (mitotic) phase is characterized by significant cellular changes that are mediated by
CDK1-cyclinB complex substrates, such as nuclear envelop breakdown, chromosome
condensation, centrosome separation and mitotic spindle assembly (Hochegger et al., 2008;
Enserink and Kolodner, 2010). CDK1-cyclinB complexes receive input from several other
signaling proteins, including cyclinA and Plk1, and phosphorylate structural lamins in the
nuclear envelope and induce the nuclear envelop breakdown in early mitosis (Lindqvist et al.,

2009; Enserink and Kolodner, 2010; Gong et al., 2007). CDK1-cyclinB complexes regulate
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chromosome condensation by activating the condensin protein complex through
phosphorylation, which allows further phosphorylation and full activation of the complex by
Plk1 (Hirano, 2005; Abe et al., 2011). The separation of duplicated centrosomes during early
prophase requires the kinesin-related protein, Eg5, which is phosphorylated by both CDK1-
cyclinB and Plk1 (Blangy et al., 1995; Hochegger et al., 2008). Plk1 is essential for targeting
Eg5 to the centrosomes and pharmacological inhibition of Plk1 leads to arrest of cells in early
mitosis in a prometaphase-like state (Van Vugt et al., 2004; Santamaria et al., 2007; Lane and
Nigg, 1996; Lenart et al., 2007). Sustained CDK 1-cyclinB activity is essential for maintaining
genome stability until the mitotic spindle assembly is completed, as pharmacological inhibition
of CDK1 during early mitosis causes premature cytokinesis with significant chromosome
missegregation (Vassilev et al., 2006). In order to protect against genome instability, cells have
evolved the SAC to ensure that mitosis does not proceed forward until all chromosomes are
correctly attached and oriented the metaphase plate (Musacchio and Salmon, 2007; Musacchio,
2011). This is achieved through inhibition of the APC/C activity in the presence of abnormal
chromosome attachment or alignment (Musacchio and Salmon, 2007). Chromosome separation
depends on the activity of separase, which cleaves cohesin that hold sister chromatids together.
Separase is inactivated by its binding partner securin, which can be degraded by APC/C, until
all the chromosomes are properly attached and aligned. APC/C must acquire an essential
cofactor, Cdc20, in order to target and degrade securin and cyclinB. Cdc20 is inactivated by the
mitotic checkpoint complex consisting of MAD2 (mitotic-arrest deficient), BUBR1 (budding
uninhibited by benzimidazole-related 1) and BUB3 (budding uninhibited by benzimidazole)
(Musacchio and Salmon, 2007). This mitotic checkpoint complex is only silenced when all
chromosomes become attached and bi-oriented. In addition to the SAC, Aurora B, part of the
chromosome passenger complex, may also play an important role in tension sensing between
sister chromatids, the lack of which also results in APC/C activation delay (Musacchio and
Salmon, 2007). Upon passing the SAC, the APC/C becomes activated and targets securin and
cyclinB for proteolytic degradation. This will allow the onset of anaphase and subsequent exit
from mitosis (Musacchio, 2011; Kops et al., 2005; Musacchio and Salmon, 2007). Together,
these mechanisms ensure that all the chromosomes are attached by MTs from both poles and
will segregate properly into two daughter cells. Mutation or abnormal expression of MAD2,

BUBRI1 or BUB3 are associated with various tumor and cancer cell lines (Kops et al., 2005).

SAC in C. trachomatis-infected cells
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C. trachomatis infection has recently been proposed to interfere with the host SAC and allow
cells with unaligned chromosomes to proceed through anaphase. Following C. trachomatis
infection, CyclinB1 and securin are both degraded by CPAF, which may bypass SAC and
promote anaphase onset (Knowlton et al., 2011; Musacchio and Salmon, 2007). Based on the
recent study by Chen et al., we now know that cyclinB1 degradation by CPAF does not occur in
intact cells; however, it is still currently unclear whether securin is degraded by CPAF (Chen et
al., 2012). Nevertheless, M phase in C. trachomatis-infected cells is significantly shorter than
uninfected cells based on live cell imaging. In addition, the frequency of chromosome bridges
that are likely caused by unaligned chromosomes increases significantly after C. trachomatis
infection (Brown et al., 2012). These findings suggest that C. trachomatis infection may lead to
increased instances where the host SAC is bypassed through a currently unknown mechanism.
The host SAC is not completely inactivated, because we have been successful in generating
large numbers of C. trachomatis-infected mitotic cells using synchronization procedures
involving low dose nocodazole treatment, which depends on functional SAC to sequester cells
in metaphase (Enserink and Kolodner, 2010; Burke, 2000; Wang and Burke, 1995). In C.
trachomatis-infected mitotic cells, inclusions appear to associate with the host mitotic spindle
poles through microdomains, which are enriched in IncB, Inc101, Inc222 and Inc850 (Figure
1.3) (Mital et al., 2010). Ectopically expressed Inc850-mCherry accumulates at the host
centrosome in uninfected cells; however, the exact molecular mechanism by which inclusion
domains associate with host mitotic spindles is still unclear (Mital et al., 2010). My work
examining the possible contribution of microdomains to inclusion positioning during mitosis

after treatments with various inhibitors is presented in Chapter 4.

1.4.2  Cytokinesis and signaling proteins

Cytokinesis in normal mammalian cells

Following the activation of APC/C, sister chromatids separate, the central spindle forms and a
cleavage furrow ingresses between the segregating chromosomes (Green et al., 2012; Barr and
Gruneberg, 2007; Fededa and Gerlich, 2012). A number of proteins essential for proper
cytokinesis ingression are summarized in Figure 1.6. The central spindle consists of bundles of
overlapping antiparallel MTs at the equatorial region of the cell in between the segregating
chromosomes (Fededa and Gerlich, 2012). CDK1-cyclinB complexes are inactivated by the
APC/C-mediated degradation of cyclinB; as a result, many CDK 1 substrates start to become
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dephosphorylated and activated by various phosphatases (Wurzenberger and Gerlich, 2011;
Green et al., 2012).

Prcl (protein regulator of cytokinesis 1) and the centralspindlin complex are essential in the
formation of the central spindle and are both activated following CDK1 inactivation (Zhu et al.,
2006; Bieling et al., 2010; Subramanian et al., 2010; Mishima et al., 2002; Pavicic-
Kaltenbrunner et al., 2007; Hutterer et al., 2009). Once activated following CDK1 inactivation,
Prcl selectively cross-links antiparallel MTs and recruits KIF4 (kinesin-like protein 4), which
facilitates the MT bundling process and regulates length of the central spindle (Figure 1.6) (Hu
et al., 2011; Kurasawa et al., 2004; Zhu and Jiang, 2005). KIF4 knockdown leads to abnormally
long and misaligned central spindles likely due to the inability of Prcl to localize to the plus
ends of the central spindle MTs (Zhu et al., 2006; Hu et al., 2011; Kurasawa et al., 2004; Zhu
and Jiang, 2005). The tetrameric centralspindlin complex consists of 2 subunits of Mklp1
(mitotic kinesin-like protein) and RacGAP1 (Rac GTPase activating protein 1, also known as
HsCyk4 or MgcRacGAP) (Pavicic-Kaltenbrunner et al., 2007). Similar to Prc1, the Mklp1, the
subunit responsible for MT bundling, becomes dephosphorylated and activated following CDK1
inactivation (Mishima et al., 2004). The MT bundling capability of the centralspindlin complex
is further enhanced by its phosphorylation by the chromosome passenger complex (CPC)
(Glotzer, 2009). The CPC, through activity of its AuroraB kinase subunit, significantly elevates
the MT bundling activity of the centralspindlin complex by liberating it from its inhibitory
binding protein 14-3-3 (Guse et al., 2005; Douglas et al., 2010). The RacGAP1 subunit of the
centralspindlin complex can be phosphorylated by Plk1, which is targeted to the central spindle
through binding to Prc1 and Mklp2 (Neef et al., 2007, 2003). Depletion of RacGAP1 using
siRNA prevents normal central spindle localization of Ect2 (Epithelial cell transforming
sequence 2 oncogene) and equatorial accumulation of RhoA (Yuce et al., 2005; Chalamalasetty
et al., 2006). Even though PIk1 is not directly involved in the assembly of the central spindle, it
is essential for cleavage furrow formation by promoting the recruitment of Ect2 to the central
spindle through phosphorylation of RacGAP1 (Petronczki et al., 2007; Green et al., 2012;
Fededa and Gerlich, 2012). Ect2 is initially targeted to the central spindle by binding to the
RacGAP1 subunit of the centralspindlin complex and then loaded onto the plasma membrane at
the cleavage site (Su, Takaki, and Petronczki 2011). Ect2 is an indispensable GEF (guanine
nucleotide exchange factor) that activates RhoA by converting the GDP bound RhoA into the

active GTP bound form at the division plane (Yuce et al., 2005; Nishimura and Yonemura,
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2006). Depletion of Ect2 leads to the lack of RhoA activation and subsequent cytokinesis failure
(Chalamalasetty et al., 2006; Yuce et al., 2005). In addition, GEF-H1 may also contribute to
localized RhoA activation at the cleavage furrow (Birkenfeld et al., 2007).
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Figure 1.6 Signaling proteins essential for cytokinesis. Actomyosin filaments consisting of F-
actin and myosin II are assembled at the cleavage furrow during telophase to provide the force
necessary to drive furrow ingression. Activated RhoA promotes both the assembly and

stabilization of actomyosin filament through recruitment and activation of downstream proteins,
such as Rho-kinase and anillin. RhoA is activated by Ect2, which is recruited to the cleavage
plane by the centralspindlin complex. Plk1 phosphorylates the centralspindlin complex to create
the bindings sites to promote equatorial Ect2 targeting. Plk1 localizes to the cleavage site by
binding to Prc1 and Mklp2.
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Active RhoA through its effector proteins promote the assembly of the contractile ring, which
consists of actomyosin filament and generates the force that drives furrow ingression (Fededa
and Gerlich, 2012). RhoA promotes the assembly of actomyosin filament through two types of
effector proteins: formins, which stimulate the assembly of actin filaments, and Rho kinases,
such as ROCK (Rho-associated, coiled-coil containing protein kinase), which activate myosin II
through phosphorylation of its regulatory light chain (Matsumura et al., 2011; Severson et al.,
2002; Watanabe et al., 2008; Matsumura, 2005). Disruption of normal RhoA level or activity
leads to the lack of furrow formation and cytokinesis failure (Drechsel et al., 1997; Kamijo et
al., 2006; Kimura et al., 2000; Yoshida et al., 2009). Interestingly, cytokinesis failure naturally
occurs in postnatal hepatocytes leading to the formation of binuclear cells in both mouse and
human livers (Guidotti et al., 2003; Margall-Ducos et al., 2007). In hepatocytes that fail
cytokinesis, RhoA does not accumulate strongly at the cleavage plane and no furrow is formed
(Margall-Ducos et al., 2007). Anillin, an important cleavage furrow scaffold protein, is also
recruited to the equatorial plasma membrane by RhoA (Liu et al., 2012; Brill et al., 2011;
Hickson and O’Farrell, 2008b; D’ Avino et al., 2008). In addition to RhoA, anillin can also bind
to many proteins and cellular structures at the cleavage furrow, including F-actin, myosin II,
RacGAPI1 and plasma membrane lipids (Liu et al., 2012; Piekny and Maddox, 2010; Fededa and
Gerlich, 2012; Green et al., 2012). Due to its ability to bind to such a diverse range of proteins
and structures, anillin has been proposed to be the linker between the actomyosin machinery and
the plasma membrane (Piekny and Maddox, 2010). Even though anillin is not required for
cleavage furrow initiation, its function is essential for contractile ring stabilization and
completion of cytokinesis (Piekny and Glotzer, 2008; Piekny and Maddox, 2010). Anillin also
helps stabilize RhoA accumulation at the ingressing cleavage furrows (Piekny and Glotzer,
2008; Zhao and Fang, 2005b). Anillin depletion with siRNA leads to drastically reduced RhoA
levels at the cell equator and unstable furrow ingression (Zhao and Fang, 2005b; Piekny and
Glotzer, 2008). Many postnatal cardiomyocytes naturally fail cytokinesis and this failure has
been proposed to be caused by insufficient anillin accumulation at the cleavage furrow (Engel et
al., 2006). The exact mechanism by which RhoA is restricted to a narrow band at the cell
equator is not fully understood; however, RacGAP1 of the centralspindlin complex appears to
contribute to restricting RhoA distribution (Miller and Bement, 2009; Green et al., 2012). Point
mutation in the GAP domain of RacGAP1 leads to widening of the RhoA band, while deletion

of the GAP domain leads to unstable oscillation of the RhoA band along the plasma membrane
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(Miller and Bement, 2009). RhoA zone restriction may be achieved through constant flux
between GTP and GDP bound forms of RhoA by the actions of Ect2 and RacGAP1 (Miller and
Bement, 2009). Central spindle MTs may also deliver stimulatory Rho GEFs, such as Ect2 and
possibly GEF-H1, to the equatorial plasma membrane to promote local RhoA activation, while
dynamic astral MTs inhibit contractile activity globally (astral relaxation model). Contrary to
the astral relaxation model, results presented in this thesis suggest that the lack of astral MTs
caused by the presence of a C. trachomatis inclusion, does not lead to RhoA activation or
increased contractility (see Chapter 3).
By the end of the cleavage furrow ingression, two prospective daughter cells are connected
through the midbody, a narrow cytoplasmic canal, which will become sealed in a process called
abscission. The actomyosin contractile ring constricts to 1-2 pm in diameter before switching to
an actin-independent process of membrane closure (Guizetti and Gerlich, 2010; Steigemann and
Gerlich, 2009). It is essential for cleavage furrow proteins such as F-actin and RhoA to leave the
midbody prior to abscission (Guizetti and Gerlich, 2010). Prolonged activation of RhoA or Ect2
leads to abscission failure (Chalamalasetty et al., 2006). The midbody is filled with dense MT
bundle derived from the central spindle and contains more than 100 proteins including KIF4,
anillin and GM130 (Kechad et al., 2012; Skop et al., 2004). Anillin plays essential roles in
anchoring the midbody to the overlaying plasma membrane and preventing the plasma
membrane from regressing (Guizetti and Gerlich, 2010). Golgi-derived vesicles and endosomes
accumulate at both ends of the midbody and fuse with the midbody plasma membrane (Gromley
et al., 2005; Goss and Toomre, 2008; Schiel et al., 2011). ESCRT-III (Endosomal sorting
complex required for transport-III) is essential for successful abscission by mediating further
membrane constriction and fission, which are known functions of this protein complex in other
biological processes, to complete abscission (Hurley and Hanson, 2010; Fededa and Gerlich,
2012). Depletion of ESCRT components with siRNA leads to abscission failure and plasma
membrane regression (Guizetti et al., 2011; Carlton et al., 2008; Morita et al., 2007). Abscission
is inhibited by AuroraB at the midbody, which is recruited by unsegregated chromatins, to
protect against potential cytokinesis failure or aneuploidy (Mendoza et al., 2009; Steigemann et
al., 2009). Upon clearance of any lagging chromatins from the midbody, abscission can finally
complete and the residual midbody structure is inherited by one of the two daughter cells (Green
et al., 2012; Fededa and Gerlich, 2012). The residual midbody can be expelled into the
extracellular space, degraded by autophagy or allowed to persist (Fededa and Gerlich, 2012).
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Interestingly, a recent study suggests that accumulation of undegraded midbody residuals can

contribute to cellular transformation and tumorigenesis (Kuo et al., 2011).

Disruption of cytokinesis

A non-genetic cause of cytokinesis failure attributed to entosis has been described by Krajcovic
et al. (Krajcovic et al., 2011). Entosis is a process where a host cell engulfs a neighboring cell
resulting in the formation of a large vacuole in the host cell. The vacuole can disrupt formation
of the cleavage furrow within the host cell and cause cytokinesis failure. The side of the host
cell containing the entosis vacuole frequently does not have furrow ingression, while a furrow
forms and ingresses from the side further away from the vacuole. This unique unilateral
cleavage furrow formation in the presence of the entosis vacuole may be attributed to the
eccentric positioning of the mitotic spindle, which has been proposed to cause asymmetrical
cleavage furrow formation in invertebrate systems (Rappaport 1961; Rappaport and Conrad
1963; Rappaport and Rappaport 1983). Green urchin and Hydractinia eggs naturally have
unilateral cleavage furrows and have eccentrically located mitotic spindles (Rappaport and
Conrad, 1963; Bement et al., 2005). Experimental manipulations such as oil droplet injection,
glass bead insertion or glass needle perforation can induce similar unilateral furrow ingressions,
likely due to an eccentric shift of the mitotic spindle caused by these manipulations (Rappaport
and Rappaport, 1983; Bement et al., 2005; Rappaport, 1961; Rappaport and Conrad, 1963).
Regardless of how the unilateral cleavage furrows originate, the ingressing furrows always

occur on the side of the cell closer to the mitotic spindle.

Microbial infections can also induce cytokinesis failure. Toxin B and exoenzyme C3, secreted
by Clostridium difficile and Clostridium limosum respectively, can both inactivate RhoA in the
host cytosol and cause cytokinesis failure (Huelsenbeck et al., 2009). Pseudomonas aeruginosa
through its type Ill-secreted exotoxin T disrupts cytokinesis, likely through inactivation of
RhoA (Shafikhani and Engel, 2006). Exotoxin T also interferes with abscission by preventing
recruitment of syntaxin2, an essential component of the membrane fusion machinery, to the
midbody (Low et al., 2003; Shafikhani and Engel, 2006). Interestingly, protozoan parasite
Theileria annulata binds to Plk1 and localizes itself to the central spindle and midbody between
the two dividing daughter cells (Von Schubert et al., 2010). Surprisingly, such an obtrusive

localization by 7. annulata does not lead to cytokinesis or abscission failure and this equatorial



positioning may facilitate the parasite’s distribute to both daughter cells (Von Schubert et al.,
2010).
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Thesis introduction

C. trachomatis infection leads to significant host cell multinucleation, a hallmark defect linked
to tumorigenesis (Ganem et al., 2007); however, the mechanism by which C. trachomatis leads
to host cell multinucleation is poorly understood. Furthermore, it is unclear whether C.
trachomatis gains any physiological benefits from disrupting host cytokinesis. The main focus
of my work is to understand how C. trachomatis infection leads to host multinucleation and
whether this confers any advantage to the bacterium. We propose that C. trachomatis actively
localizes to the host cell centre during mitosis and blocks host cell cytokinesis. As a result, C.
trachomatis can acquire lipid nutrients faster from the resulting multinucleated cell, which
retains Golgi apparatus meant for two daughter cells. Work presented in this thesis is conducted
using C. trachomatis L2 strain, which has been used extensively in multinucleation, centrosome
amplification and Golgi fragmentation studies, in an epithelial tissue culture model. In order to
identify the mitotic stages affected by C. trachomatis leading to multinucleation, we first
developed a synchronization procedure to generate large numbers of infected mitotic cells.
Following observation of the unique unilateral cleavage furrow defect during telophase, we
examined signaling proteins essential for furrow initiation, stabilization and ingression to
understand why only one furrow formed. Next, we created similarly sized vacuoles as C.
trachomatis inclusions using internalized latex beads to determine whether the cytokinesis
defect was purely due to steric hindrance. In addition, we created metabolically inactive C.
trachomatis inclusions with antibiotics to determine whether they actively localized to the host
cell centre. We attempted to identify the exact mechanisms by which C. trachomatis inclusions
localized to the host cell centre using a number of pharmacological inhibitors. Finally, we
confirmed that blocking host cytokinesis indeed provided additional advantage to C.

trachomatis. These results are presented in two data chapters that are briefly summarized below.

Chapter 3 describes the precise mitotic defect causing cytokinesis failure through
immunofluorescence (IF) and fluorescent live cell imaging of synchronized human epithelial
cells. The presence of C. trachomatis inclusion at the host cell equator led to the formation of a
unique unilateral cleavage furrow which eventually became blocked by the inclusion. The
contractile and signaling proteins necessary for cleavage furrow formation were consistently
mislocalized on the side of the cell closer to the C. trachomatis inclusion. Similarly sized inert

vacuole formed by internalized large latex beads could cause similar cleavage furrow defects if



36

they localized to the cell equator during telophase. Interestingly, the inert bead vacuoles only
localized to the host cell equator 50% of the time while the C. trachomatis inclusions localized
to the cell equator in over 95% of infected cells. Inhibition of C. trachomatis protein synthesis
caused more inclusions to move away from the cell equator during telophase. Together, these
results suggested that C. trachomatis actively localized to the host cell equator to block host cell

cytokinesis.

Chapter 4 presents results demonstrating that the C. trachomatis-induced unilateral cleavage
furrow defect also occurs in asynchronous cells. We attempted to determine the mechanism of
central localization of the inclusion during mitosis. Our findings suggested that C. trachomatis
inclusions positioned themselves to the host cell equator as early as metaphase and this
localization likely depended on inclusion microdomains. Even though antibiotic inhibition of C.
trachomatis protein synthesis reduced the number of inclusions localizing to the host cell
equator, the majority of the inclusions still positioned themselves at the cell centre during
mitosis. This was likely due to the high stability of the inclusion microdomains, which appeared
to remain intact after 7 hours of C. trachomatis protein synthesis inhibition. Finally, we
examined if there was a bacteria benefit to blocking host cell cytokinesis. Our fluorescent live
cell imaging showed that C. trachomatis inclusions intercept fluorescent lipid markers more
rapidly in multinuclear cells than in single nuclear cells. This lipid nutrient advantage by
inclusions within multinucleated cells suggested that blocking host cell cytokinesis could indeed

confer additional growth advantage to C. trachomatis.
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Chapter 2

Materials and Methods

2.1 Cell culture, transfection, reagents and C. trachomatis
infection

HeLa CCL-2, NIH3T3 and HEK293 cells (ATCC) and previously described CHO-IIA cells
(Vieira et al., 2004) were grown in Dulbecco's Modified Eagle Medium (DMEM; Wisent)
supplemented with 10% heat-inactivated fetal bovine serum (Wisent). MCF10A cells were
cultured as described previously (Debnath et al., 2003). All cell cultures were maintained at 37
°C in 5% CO2 atmosphere. For the generation of a stable H2B cell line, HeLa cells were
transfected with mCherry-H2B (Steigemann et al., 2009) using Fugene HD (Roche) for 3 days,
followed by 600 ng/ml puromycin (Invivogen) selection for 2 weeks. For fluorescent live cell
imaging, Cerulean-Lifeact (Riedl et al., 2008; Munsie et al., 2009) was transiently transfected
into the above mentioned stable HeLa cell line using Fugene HD. Azithromycin, thymidine,
nocodazole, aphidicolin, blebbistatin, cytochalasin D, PP2 and poly-L-lysine were purchased

from Sigma and monastrol was purchased from Santa Cruz Biotechnology.

Chlamydia trachomatis 1.2 was propagated and purified from HeLa cells and stored at -80 °C as
previously described (Caldwell et al., 1981). C. trachomatis was added to HeLa cells and

centrifuged at 300g for 20 minutes to synchronize the infection.

2.2 Cell cycle synchronization

For the initial mitotic defect screening, an aphidicolin and nocodazole double synchronization
protocol was adapted from Sauer et. al (Sauer et al., 2005). HeLa cells were treated with 1.6
pg/ml aphidicolin for 16 hours to synchronize the cells at S phase without affecting bacterial
replication (McClarty and Tipples, 1991). Following aphidicolin wash-out, cells were incubated
with 40 ng/ml nocodazole for 14 hours to arrest cells in mitosis. Cells were infected at such a
time point that it would be 24 hpi by the time of mitotic cell collection. Mitotic cells were
tapped off and washed twice. Released cells were plated onto poly-L-lysine coated coverslips.
Progression through mitosis was monitored by fixing cells with 4% paraformaldehyde (PFA) at

indicated time points. Mitotic stages were quantified using previously described phenotypes
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(Barr and Gruneberg, 2007; Birkenfeld et al., 2007; Steigemann et al., 2009; Walczak et al.,
2010).

In order to avoid potential artifacts caused by nocodazole, monastrol was used to synchronize
HelLa cells for the study of signaling protein localization, DIC and fluorescent live cell imaging.
HelLa cells were incubated with 100 uM monastrol for 8 hours before they were released for 55
minutes to obtain telophase cells (Burkard et al., 2009). In order to obtain bead-containing
telophase CHOIIA cells, the cells were allowed to phagocytose IgG-opsonized 15um beads
overnight before they were treated with monastrol as described above. For cytokinesis
completion experiments, monastrol synchronized cells were released for 3 hours with or without
azithromycin treatment. To generate mitotic cells for inclusion positioning quantification after
treatment with various inhibitors, HeLa cells were synchronized at 28 hpi with 40 ng/ml
nocodazole for 8 hours to induce mitotic checkpoint. Following the mitotic release, HeLa cells
were treated immediately with 2 uM cytochalasin D or 100 uM blebbistatin (Sigma Aldrich) for
55 minutes before fixation. For MT depolymerization experiments, mitotic cells were released
from low dose nocodazole block for 30 minutes to allow some cells to progress past the mitotic
checkpoint. Then the cells were treated with 1 uM nocodazole for 25 minutes to completely
depolymerize their MT network. For Src family kinase inhibition, 25 pM PP2 was added
together with 40 ng/ml nocodazole at 28 hpi for 8 hours. PP2 was always present in the culture
media even after the mitotic release, until the cells were fixed. For antibiotic treatment, 20
pg/ml azithromycin was added together with monastrol or 40 ng/ml nocodazole at 28 hpi for 8

hours and azithromycin was always present in the media until fixation.

To generate large numbers of multinuclear cells for Golgi content quantification, HeLa cells
were synchronized with 2 mM thymidine for 24 hours into S-phase. Following thymidine
washout, cells were synchronized with 40 ng/ml nocodazole for 14 hours to obtain large
numbers of mitotic cells. By the end of the nocodazole treatment, mitotic cells were tapped off
from the culture flask, collected and washed twice. These mitotic cells were seeded onto 25 mm
glass coverslips pre-treated with poly-L-lysine to assist cell adhesion. Cells were released in
drug-free media for 30 minutes before 100 uM blebbistatin, 2 uM cytochalasin D or 10 uM
wiscostatin was added to block furrow ingression. These inhibitors were kept in the media for 3
hours and then removed with 5 thorough washes. Cells were released for another 5 hours to

allow recovery from the treatment before fixation.



39
2.3 Immunofluorescence and antibodies

To stain acetylated-a-tubulin, a-tubulin, actin, myosin II and GM130, HeLa cells grown on
coverslips were fixed with 4% PFA in phosphate buffered saline (PBS) for 15 minutes. To
visualize RhoA and anillin, HeLa cells were fixed by ice-cold 10% trichloroacetic acid (TCA;
BioShop) for 10 minutes. Cells fixed by PFA or TCA were permeabilized for 20 minutes using
0.1% Triton X-100 in PBS with 100mM glycine. For Ect2, Mklp1, Plk1, Prcl, y-tubulin and
Inc101 staining, cells were fixed and permeabilized using ice-cold 100% methanol for 10
minutes. Cells were blocked in 5% FBS overnight, followed by primary and fluorescent
secondary antibody incubation for 1 hour each. Actin and DNA were visualized by Alexa Fluor

488 phalloidin and DAPI respectively.

Primary antibodies against acetylated-a-tubulin (T6793; 1:5000), a-tubulin (T9026; 1:1000) y-
tubulin (1:200) and myosin I1IB heavy chain (M7939; 1:200) were purchased from Sigma
Aldrich. RhoA (26¢4; 1:100), Mklp1 (N19; 1:100), Plk1 (F8; 1:100), Prc1 (H70; 1:100), and
chlamydia (Chlam III; 1:100) antibodies were purchased from Santa Cruz Technology. GM130
(610822; 1:200) was purchased from BD. Ect2 antibody was a generous gift from Dr. Michael
Glotzer. Anillin antibody was a gracious gift from Dr. William Trimble. Rabbit anti-chlamydia
and anti-Inc101 antibodies were kindly donated by Dr. David Hackstadt. Alexa Fluor488
phalloidin (1:500) and DAPI (1:10,000) were obtained from Invitrogen. Donkey anti-mouse or
donkey anti-rabbit Dylight secondary antibodies were purchased from Jackson

ImmunoResearch Laboratories and were used at recommended dilutions.

2.4 Phagocytosis

Polystyrene beads (PolySciences) with a mean diameter of 15um were opsonized with 2mg/ml
human IgG (Sigma Aldrich) for 1 hour and unbound IgG was removed by washing once with
PBS. The IgG-opsonized beads were then added to CHO-IIA cells overnight to allow

internalization by phagocytosis. External beads were washed away before live cell DIC imaging.

2.5 Nascent protein synthesis labelling

Nascent C. trachomatis protein synthesis was detected with Click-iT AHA protein synthesis
labelling kit (Invitrogen). Azithromycin was added to C. trachomatis-infected cells at 28 hpi and

incubated for 7 hours at a final concentration of 20 pg/ml. Methionine-free media (Invitrogen)
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was supplemented with 1mM sodium pyruvate, 4mM L-glutamine, and 0.2mM L-cystine-2HCI
and was added to infected cells for 1 hour to deplete pre-existing free methionine. Serum was
not included in this media to prevent serum contribution of free methionine, while azithromycin
was always present at 20 ug/ml until cells were fixed. Methionine-free media containing 50 uM
AHA was added to cells for 3 hours before fixation with 4% PFA. After permeabilization with
0.25% Triton X-100 in PBS for 20 minutes, AHA incorporation was visualized using 50 uM
Alexa Fluor 555 alkyne, triethylammonium (A20013, Invitrogen) in manufacturer-
recommended reaction buffer (C10269, Invitrogen). Incubation time and washes were

performed exactly as described in manufacturer’s protocol.

For experiments involving cycloheximide, following 1 hour methionine starvation,
cycloheximide (Sigma Aldrich) was added alone or together with azithromycin, with final
concentrations of 100 uM and 20 pg/ml respectively, to C. trachomatis-infected cells at 30 hpi.
AHA was added at the same time as cycloheximide and cells were incubated for 2 hours before

fixation.

2.6 Microscopy

Epifluorescence images were acquired with EC Plan-Neofluoar 40x/ 1.3 oil objective and
AxioCam MRm camera mounted on either an AxioVert 200M or Axio Observer Z1 microscope
(Carl Zeiss). Structured illumination images were taken with the above mentioned objective and
the images were captured using AxioCam HRm camera with ApoTome module on AxioVert
200M microscope (Carl Zeiss). Spinning disk confocal images were taken with a Plan-
Apochromat 40x/ 1.3 Oil objective and CSU-X1 (Yokogawa). Images were captured with
Cascade 1K EMCCD (Photometrics) on Axio Observer Z1 (Carl Zeiss).

For long term live cell DIC imaging, asynchronous HeLa cells were seeded onto 35 mm glass-
bottom dishes (MatTek) in DMEM and infected with C. trachomatis for 28-36 hours before
imaging. Live cell DIC imaging was conducted using Carl Zeiss AxioObserver Z1
epifluorescent microscope with a 20x/ 0.8 Plan Apochromat air objective. The culturing
environment was maintained at 37 °C with 5% CO; using an Incubator XL-S1 with
TempModule S1, CO2module S1, and heating device humidity S1 (Carl Zeiss). Images were

acquired using AxioCam MRm camera through 20x/ 0.8 Plan Apochromat air objective. The
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time-lapse imaging was carried out once every 3 minutes for 24 hours and field of views with

mitotic events were selected and a representative field was shown.

For live fluorescent ceramide trafficking experiments, infected HeLa cells were stained with
DRAQS5 (Cell Signaling) for 10 minutes to label both the host and C. trachomatis DNA.
Following the DNA stain, 35 mm culture dish containing C. frachomatis-infected HeLa cells
was screened using a spinning disk confocal microscope with temperature and CO; control.
Fields with both mononuclear and multinuclear cells were chosen and the imaging began as
soon as BSA-complexed BODIPY FL C5-ceramide (Life Technologies) was added to the cells.
The uptake of fluorescent ceramide into C. trachomatis inclusions was recorded once every 30

seconds for 30 minutes.

2.7 Flow cytometry

Mononuclear or blebbistatin-treated multinuclear cells were fixed by ice cold 80% ethanol for
30 minutes on ice and washed twice in PBS containing 1% FBS. Cells were blocked with 5%
FBS for 1 hour before incubating with GM130 primary and Cy2 secondary antibodies for 1 hour
each with gentle shaking in the dark. Following secondary staining, cells were incubated with 50
pug/ml propidium iodide (PI) solution containing 1 mg/ml RNAse A (Sigma Aldrich) in the dark
at room temperature with gentle shaking for 30 minutes. Diploid and tetraploid cell populations
were gated using PI histograms and their respective GM 130 signals were recorded. The fold
changes of GM 130 signal in multinuclear cells after blebbistatin treatment was normalized
against mononuclear G1 cells under control condition. At least 10,000 cells were measured per

experiment and two independent experiments were performed.

2.8 Quantifications

For mitotic progression quantification, epifluorescence images of more than 100 control and 100
infected cells were quantified per time point per trial. Size and position of C. trachomatis
inclusions during telophase were quantified based on epifluorescence images of 165 telophase
cells at 1.5 hpr (hours post release) and 94 telophase cells at 3 and 4 hpr from three independent
experiments. C. trachomatis inclusions were quantified as equatorial if they touched the
chromosome band at the cell centre in metaphase. Inclusions were quantified as equatorial if
they were located between the segregating chromosomes during telophase. Inclusions that did

not meet these criteria were quantified as polar. Localization of actin, myosin II, anillin, RhoA,
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Ect2, Mklpl, Plk1 and Prcl were quantified based on structured illumination images of more
than 100 control and 100 infected telophase cells. Equal accumulation of actin, myosin, anillin
and RhoA was scored when the fluorescence intensity of the protein on both sides of the
equatorial cortex were within 80% of each other. Normal localization of Ect2, Mklp1, Plk1 and
Prcl was defined as a clear band of protein across the entire equatorial width of telophase cells,

defined by DIC imaging.

Golgi content in mononuclear and multinuclear HeLa cells was quantified based on GM130
signal intensity. Epifluorescent images of mononuclear and multinuclear HeLa cells were
acquired at identical exposure and excitation intensity. GM 130 fluorescence intensity in
mononuclear and multinuclear cells was analyzed using ImageJ. The fold change in GM130
signal intensity was normalized against control cells, which went through the same

synchronization procedure but did not receive the blebbistatin treatment.

The quantification of fluorescent ceramide acquisition in live infected HeLa cells was carried
out using Volocity. The total fluorescent intensity in C. trachomatis inclusions by the end of the
live spinning disk confocal imaging was measured. Threshold for the quantification was defined
such that only bacterial particles that have clearly-defined shape were included, which
eliminated most of the background signal. The ceramide signal intensity in multinuclear cells

was normalized against intensities in mononuclear cells to generate the fold changes.

All statistical tests were performed using the Student’s t-test and p < 0.05 was used as the

significance cut-off.
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Chapter 3
Chlamydia trachomatis inclusions induce asymmetric cleavage
furrow formation and ingression failure in host cells

3.1 Introduction

Chlamydia trachomatis is an obligate intracellular bacterium that is the leading cause of
bacterial sexually transmitted diseases worldwide (Ying et al., 2007). Recent epidemiological
studies have linked C. trachomatis infection to increased risk of cervical cancer (Madeleine et
al., 2007; Samoft et al., 2005). In various human and other mammalian cell lines, C. trachomatis
infection can lead to significant increases in host cell multinucleation (Greene and Zhong,
2003), a phenotype well linked to tumorigenesis (Fujiwara et al., 2005; Ganem et al., 2007;
Olaharski et al., 2006; Storchova and Pellman, 2004). A defect in cytokinesis was theorized, but
not proven, in causing multinucleation in C. trachomatis-infected cells (Greene and Zhong,
2003). As a result, the mechanism by which C. trachomatis causes multinucleation has remained

unclear.

Numerous quality control mechanisms exist in eukaryotic cells to ensure the proper segregation
of genetic material into two daughter cells during mitosis. In mammalian cells, cytoplasmic
division at the end of mitosis is mediated by the formation of a bilateral cleavage furrow, which
is under heavy spatiotemporal regulation (Barr and Gruneberg, 2007). Cleavage furrow
ingression is driven by force generated by the actomyosin filaments, consisting of actin and non-
muscle myosin II (Barr and Gruneberg, 2007). The assembly of actomyosin filament is tightly
controlled through phosphorylation of myosin II regulatory light chain (RLC), which in turn is
regulated by RhoA through its effector proteins Rho kinase and citron kinase (Matsumura,
2005). In order to have continuous force generation throughout furrow ingression, Rho kinase
and citron kinase localization is stabilized by anillin, a scaffolding protein recruited by RhoA
(Hickson and O’Farrell, 2008a). Ect2, a Rho guanine exchange factor, plays a critical role in
defining the cleavage plane by recruiting and activating RhoA at the precise time and location
(Yuce et al., 2005). Following degradation of the CDK1-cyclinB1 complex, centralspindlin
complex assumes critical roles not only in the bundling of midzone microtubules (MTs), but

also in the recruitment of Ect2 to the cell equator (Piekny et al., 2005). Plk1 also plays an
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essential role in the recruitment of Ect2 to the cleavage plane by phosphorylating the RacGAP1

subunit of the centralspindlin complex allowing Ect2 binding to this complex (Petronczki et al.,

2007; Green et al., 2012; Fededa and Gerlich, 2012).

The C. trachomatis inclusion is a vacuolar structure in which the bacteria reside and replicate
within the host cell and it can continue to grow until it occupies most of the cell volume
(Valdivia, 2008). C. trachomatis can exit the host cells by two distinct mechanisms: cell lysis
and extrusion. The lysis pathway involves the activation of cysteine protease which kills the
host cell in the process (Hybiske and Stephens, 2007). In the extrusion pathway, the C.
trachomatis inclusion pinches off as a vacuole, taking some or all of the bacteria from the
current host, leaving the host cell intact (Beatty, 2007; Hybiske and Stephens, 2007). In our
study, we observed a unique asymmetry in cleavage furrow formation in human cells after C.
trachomatis infection, which often led to the formation of multinucleated cells. Signaling
proteins essential for cleavage furrow initiation, ingression and stabilization were displaced
from regions of the cell cortex lacking the cleavage furrow. This unique unilateral cleavage
furrow defect was dependent on the equatorial positioning of the C. trachomatis inclusion,
which were present at the host cell equator in over 95% of infected cells. Similarly-sized inert
vacuoles generated from internalized large latex beads only localized to the equator in
approximately 50% of the cells. Antibiotic inhibition of chlamydia protein synthesis for 8 hours
decreased the number of inclusions that localized to the host cell equator during telophase.
Together, these observations provide evidence that C. trachomatis contributes to host genome

duplication by disrupting host cell cleavage furrow formation and ingression.

3.2 Results

3.2.1 C. trachomatis infection induces host cell multinucleation and
prolongs host telophase during mitosis
To confirm that C. trachomatis infection can lead to increased host cell multinucleation, we
infected HeL a cells with C. trachomatis 1.2 at MOI of approximately 1. Cells were fixed at 12,
24, and 36 hpi and stained for a-tubulin (red), chlamydia (cyan) and DNA (blue). As expected,
the inclusion sizes increased substantially over the course of infection (Figure 3.1A). Our
quantification at various time points showed that the number of multinucleated cells increased
significantly as early as 24 hpi and continued to rise at 36 hpi (Figure 3.1B). During the

quantification process, we noticed an interesting phenotype resembling blocked cytokinesis in
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host cells. In uninfected cells, the two daughter cells were connected through the narrow
cytoplasmic bridge, termed the midbody, during late cytokinesis (Figure 3.1C, arrow). At 36
hpi, C. trachomatis-infected cells appeared to have a midbody within a single cell body instead
of between two distinct daughter cells (Figure 3.1C, top arrow). The C. trachomatis inclusion
(Figure 3.1C, arrowhead) appeared to be indented at the midbody (Figure 3.1C, bottom arrow),

suggesting the inclusion might be under mechanical stress.
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Figure 3.1 C. trachomatis infection induces multinucleation in cultured human cells. (A) HeLa
cells were infected with C. trachomatis L2 at MOI of 1 for indicated time periods before
fixation. Cells were immunostained with anti-a-tubulin (red), anti-chlamydia (cyan) antibodies
and DNA were visualized using DAPI (blue). Multiple nuclei in infected cells are marked by
asterisks. Scale bars = 10 um. (B) A significant increase of multinucleated cells was first
observed at 24 hpi (p < 0.05) and the number of multinucleated cells increased significantly by
36 hpi (p < 0.005). Error bars represent SEM from three independent experiments. (C)
Uninfected control and C. trachomatis-infected cells containing midbodies were examined for

potential defects that could lead to multinucleation. Midbodies are indicated by arrows.
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Due to the relative rare occurrence of mitotic cells after C. trachomatis infection, we developed
a synchronization protocol to obtain large numbers of infected mitotic cells in order to identify
the exact stage that was affected by C. trachomatis. C. trachomatis infection was carried out at
such a time point that it would be 24 hpi by the time of mitotic cell collection (Figure 3.2A).
Following the tap-off procedure, a population of mitotic cells was obtained and released from
nocodazole for indicated time periods before fixation (Figure 3.2A). Cells at each mitotic stage
were quantified based on previously established phenotypes (Figure 3.2B) (Barr and Gruneberg,
2007; Birkenfeld et al., 2007; Steigemann et al., 2009; Walczak et al., 2010) and the mitotic
stage composition was shown for each time point (Figure 3.2C-I). At 0.5 hour post release (hpr),
over 96% of the collected cells were in prophase or metaphase, suggesting that the tap-off
procedure produced a relatively pure population of mitotic cells (Figure 3.2C and D). Very low
numbers of anaphase and telophase cells were observed initially after synchronous release
(Figure 3.2E and F). Cells in cytokinesis increased dramatically as time passed (Figure 3.2G).
Cells in abscission and interphase were largely absent at early time points as expected, and
began to appear at 2 and 3 hpr (Figure 3.2H and I). No significant change was detected in
prophase, metaphase and anaphase progression between uninfected and C. frachomatis-infected
cells when they were collected at 24 hpi (Figure 3.2C-E). Interestingly, there was a significant
increase of C. trachomatis-infected telophase cells at 1.5 hpr, compared to control cells (Figure
3.2 F). There was also a significant decrease in C. trachomatis-infected cells in cytokinesis at
1.5 hpr, compared to control cells (Figure 3.2G). Together, these results suggested that telophase

was prolonged after C. trachomatis infection.
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Figure 3.2 An accumulation of host cells in telophase occurs after C. trachomatis infection. (A)
Aphidicolin and nocodazole double-synchronized cells were collected at 24 hpi and released for
indicated time periods before fixation. Mitotic apparatus was stained with anti-acetylated a-
tubulin (red) antibody. F-actin and DNA were visualized using Alexa Fluor 488 phalloidin
(green) and DAPI (blue) respectively. (B) Representative phenotypes used in quantification for
each mitotic stage. Scale bars = 10 um. (C-I) At least 100 cells were quantified at each time
point per trial. (C) The progression of prophase cells did not change significantly after C.
trachomatis infection. (D) The progression of metaphase cells did not become significantly
altered by C. trachomatis infection. (E) Anaphase cells started to appear at 1 hour post release
(hpr). No significant change in anaphase progression was detected. (F) Following C.
trachomatis infection, there was a significant increase of telophase cells at 1.5 hpr. (G) A
corresponding significant decrease was observed for cells in cytokinesis, the stage after
telophase, at 1.5 hpr. (H and I) No significant changes for these stages could be detected after C.
trachomatis infection. Error bars represent SEM from three independent experiments. Asterisks

indicate statistical significance between control and C. trachomatis-infected cells (p < 0.05).



52

3.2.2 Telophase defect caused by C. frachomatis infection depends on
the size and location of the inclusion
We subsequently examined telophase cells more closely at different time points after release to
identify any possible defects that could be attributed to C. trachomatis infection. Interestingly,
many infected telophase cells at 3 and 4 hpr, which had been held in telophase for an extend
period of time, lacked an ingressing furrow on one side (Figure 3.3A). Accumulation of F-actin
occurred at both ingressing furrows in most telophase cells at 1.5 hpr, while F-actin only
accumulated at a single cleavage furrow in infected cells at 3 and 4 hpr (Figure 3.3A). Inclusion
size analysis revealed that the average size of C. frachomatis inclusions was 20% of the total
cell area for telophase cells at 1.5 hpr (Figure 3.3B). The inclusion size was 40% in telophase
cells at 3 and 4 hpr (Figure 3.3B), indicating a strong correlation between large inclusions and
severely prolonged telophase. This significant increase in inclusion size is likely due to
difference in the number of bacteria that initially infected the cells. We also observed that 44%
of telophase cells contained centrally located C. trachomatis inclusions at 1.5 hpr, and this
number increased to 88% in telophase cells at 3 and 4 hpr (Figure 3.3C). In order to consistently
obtain large C. trachomatis inclusions, we increased the infection time to 36 hours. Significantly
more C. trachomatis inclusions localized to the host cell center during telophase at 36 hpi than

at 24 hpi (Figure 3.3D).

We monitored mitotic events with fluorescent live cell imaging to confirm the cleavage furrow
defect after C. frachomatis infection. C. trachomatis infection was carried out for 36 hours to
obtain large inclusions that produced prominent telophase defects (Figure 3.3A and B).
Cerulean-Lifeact (Riedl et al., 2008; Munsie et al., 2009) was transiently transfected into HeLa
cells stably expressing mCherry-H2B to dual label F-actin and chromosomes. Uninfected cells
formed normal cleavage furrows on both sides of the cell during telophase (n= 29 out of 29;
Figure 3.3E). In contrast, infected cells often formed a single, F-actin-rich, cleavage furrow on
the equatorial cortex away from the inclusion (n=13 out of 14; Figure 3.3F). The ingressing
furrow was blocked by C. trachomatis when it reached and pressed against the inclusion (Figure
3.3F). Our fluorescent and DIC analysis showed that that host cells with unilateral cleavage
furrows typically exited mitosis without dividing into two daughter cells, forming

multinucleated interphase cells (n=27 out of 33; Figure 3.3F).
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Figure 3.3 C. trachomatis infection causes unilateral cleavage furrow formation and leads to
host cell multinucleation. (A) C. trachomatis-infected telophase cells were obtained using
aphidicolin and nocodazole. Mitotic apparatus (red), C. trachomatis (cyan), F-actin (green) and
DNA (blue) were visualized as described in Methods. A representative telophase cells at 1.5 hpr
showed normal cleavage furrow formation (top), while telophase cells at 3&4 hpr often
exhibited a single unilateral cleavage furrow (arrowhead). (B) Telophase cells at 3&4 hpr
contained significantly larger C. trachomatis inclusions than those at 1.5 hpr (p <0.01). (C)
Telophase cells at 3&4 hpr had significantly more centrally located C. trachomatis inclusions
than those at 1.5 hpr (p < 0.005). (D) Infected telophase cells at 36 hpi had significantly more
centrally located inclusions than cells at 24 hpi (p<0.005). (E and F) Cerulean-Lifeact (green)
was transiently transfected into HeLa cells stably expressing mCherry-H2B (red). Numbers
indicate minutes:seconds. (E) Uninfected cells always showed bilateral actin accumulation and
furrow ingression at the cell equator during telophase as indicated by arrows (n= 29 out of 29).
(F) C. trachomatis-infected cells containing centrally located inclusions often exhibited a
unilateral cleavage furrow as marked by arrow (n= 13 out of 14). The unilaterally ingressing
furrow eventually became blocked by the inclusion and could not ingress further (arrowhead).

Error bars represent SEM from three independent experiments. Scale bars = 10 um.
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Live cell imaging provided great insights into the dynamics of this unilateral cleavage furrow
defect and confirmed that this furrowing defect could indeed lead to host cell multinucleation.
We subsequently examined this defect more closely using IF, which allowed us to visualize
additional host proteins such as MTs (Figure 3.4A-E, red). HeLa cells infected with C.
trachomatis were synchronized with low dose nocodazole for 8 hours and released for 4-5 hours
before fixation. Similar to the live cell imaging results, early telophase phase cells could only
form a single F-actin-rich furrow on the side of the cell further away from the C. trachomatis
inclusion (Figure 3.4A). As the single furrow ingressed, it eventually pressed against the central
spindle MT bundle and the C. trachomatis inclusion (Figure 3.4B). As the furrow ingressed
further, the force driving the ingression was strong enough that it created a large indentation in
the C. trachomatis inclusion (Figure 3.4C). The unilateral furrow pressed against the C.
trachomatis inclusion for some time before the furrow began to slowly regress, likely as a result
of reduce actomyosin filament activity (Figure 3.4D). The cleavage furrow eventually regressed
completely forming a multinucleated interphase cell containing the midbody (Figure 3.4E).
Consistent with these results, we determined that the central positioning of C. trachomatis
inclusions was highly correlated with host cell multinucleation. If C. trachomatis infection could
induce multinucleation independent of its equatorial localization, then we would expect
approximately 50% of multinucleated cells contained equatorial inclusions, while the other 50%
contained polar inclusions (Figure 3.5A). However, our quantification of C. trachomatis-
infected multinuclear cells showed that over 98% of these cells contained equatorial inclusions
(Figure 3.5B), indicating a strong correlation between inclusion positioning and host cell
multinucleation. Together, these results showed that the C. trachomatis-induced unilateral
cleavage furrow defect could indeed induce host cell multinucleation and this defect was likely

dependent on the equatorial localization of the inclusion.
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Figure 3.4 The unilateral cleavage furrows can deform equatorial C. trachomatis inclusions but
cannot complete ingression. HeLa cells infected with C. trachomatis were synchronized with
low dose nocodazole for 8 hours and released for 4-5 hours before fixation. Cells were stained
with anti-a-tubulin (red) and anti-chlamydia antibodies (cyan). (A) A representative early
telophase cell with a unilateral cleavage furrow is shown. The ingressing furrow has not reached
the C. trachomatis inclusion at this point. (B) The unilateral furrow which has ingressed deep
enough to begin pressing against the inclusion. Intense F-actin accumulation was observed at the
unilateral furrow. (C) The ingressing furrow created a sizable indentation within the C.
trachomatis inclusion and pushed the midbody against the inclusion. (D) The midbody MT
bundle began to depolymerize and the ingressed unilateral furrow started to regress. (E) The
host cell eventually re-entered interphase without dividing into two daughter cells. The recent

cytokinesis failure is marked by an internal midbody and two nuclei. Scale bars = 10 pm.
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Figure 3.5 Equatorial localization of C. trachomatis inclusions is important for causing host cell
multinucleation defects. (A) If host cell multinucleation was independent of C. trachomatis
inclusion positioning, approximately 50% of multinucleated cells should contain polar
inclusions, while the other 50% contain equatorial inclusions. (B) Quantification of inclusion
positioning in multinuclear host cells revealed that 98% of multinuclear cells contained
equatorial inclusions between the two nuclei. At least 50 multinuclear cells were quantified per

trial. Error bars represent SEM from three independent experiments.
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3.2.3 C. trachomatis inclusion disrupts RhoA and downstream signaling
events necessary for cleavage furrow formation
Since unilateral cleavage furrows were routinely induced in C. trachomatis-infected telophase
cells, we next monitored the recruitment of relevant cleavage furrow cytoskeletal and signaling
proteins. Monastrol was used to synchronize HeLa cells to avoid potential disruption of
signaling events caused by MT-depolymerizing agents (Nishimura and Yonemura, 2006). C.
trachomatis infection was carried out for 36 hours to obtain large inclusions, and phalloidin
staining revealed that 73% of uninfected versus 13% of infected telophase cells had equal
accumulation of F-actin at the equatorial cortices (Figure 3.6A). We next examined the
localization of the F-actin motor, myosin II, and observed that 79% of uninfected but only 4% of
infected telophase cells had equal myosin II accumulation at the equatorial cortices (Figure
3.6B). These results indicated a strong contractile defect at the cell cortex near C. trachomatis

inclusion during furrow ingression.

Due to the lack of actomyosin filament assembly at one side of the cell, we looked at upstream
signaling proteins that are responsible for the stabilization and activation of the contractile
machinery. We first examined anillin, a scaffold protein responsible for stabilizing actomyosin
filaments and localized RhoA distribution (Hickson and O’Farrell, 2008a; Piekny and Glotzer,
2008), and observed equal accumulation at the cell equator in 100% of uninfected but only 4%
of infected telophase cells (Figure 3.6C). We next examined the accumulation of RhoA, the
activator of actomyosin filament assembly and recruiter of anillin (D’ Avino, 2009). RhoA was
equally accumulated on both equatorial cortices in 99% of uninfected but just 1% of C.
trachomatis-infected telophase cells (Figure 3.6D). Attenuated F-actin, myosin II, anillin and
RhoA accumulation always occurred on the side of telophase cells closer to the inclusion
(Figure 3.6A-D). Notably, the displacement of myosin II, anillin, and RhoA in C. trachomatis-
infected cells was already prominent during anaphase (Figure 3.7B-D). It is also worth noting
that the localization of F-actin, myosin II, anillin and RhoA appeared to be normal when the C.

trachomatis inclusions were located in the polar region of the host cells (Figure 3.8A-D).
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Figure 3.6 C. trachomatis infection disrupts the accumulation of actin, myosin II, anillin and
RhoA during telophase. (A-D) Chlamydia (green) and DNA (blue) were stained as described in
Methods. Arrowheads indicated prospective furrowing plasma membrane lacking normal
cytoskeletal or signaling protein accumulation. Numbers indicate percentages of cells with

normal bilateral accumulation for each protein (red). Scale bars = 10 um.
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Figure 3.7 C. trachomatis infection disrupts the accumulation of myosin II, anillin and RhoA
during anaphase. (A-D) Chlamydia (green) and DNA (blue) were stained as described in
Methods. Arrowheads indicated regions of the cell cortex lacking normal signaling protein
accumulation. (A) The mislocalization of actin was not clear at anaphase. (B-D) The
mislocalization of myosin II (B, red), anillin (C, red) and RhoA (D, red) was already prominent

during anaphase. Scale bars = 10 um.
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Figure 3.8 Host cell cleavage furrow formation is unaffected by C. trachomatis inclusions in the

polar region. (A-D) C. trachomatis (green) and DNA (blue) were stained as described in
Methods. Actin (A, red), myosin II (B, red), anillin (C, red), and RhoA (D, red) accumulated at

both equatorial cortices in the presence of polar inclusions.
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3.2.4  Ect2 and PIk1 localization is disrupted in the presence of C.
trachomatis inclusions
To understand how RhoA became mislocalized on only one side of the cell, we investigated the
localization of Ect2, a RhoGEF known to activate and promote RhoA localization (Nishimura
and Yonemura, 2006; Somers and Saint, 2003; Yuce et al., 2005). The typical Ect2 localization,
showing a linear distribution across the equatorial plane (Nishimura and Yonemura, 2006;
Petronczki et al., 2007; Yuce et al., 2005), was only observed in 2% of C. trachomatis-infected
telophase cells versus 99% of uninfected cells (Figure 3.9A). Instead, infected cells showed a
linear, truncated staining pattern that rarely extended to cell cortices adjacent to the inclusions
(Figure 3.9A). Similarly, the distribution of Mklp1, which is part of the centralspindlin complex
that recruits Ect2 to the spindle midzone (Nishimura and Yonemura, 2006; Yuce et al., 2005;
Zhao and Fang, 2005a), was normal in 97% of control telophase cells, while only 2% of infected

telophase cells showed Mklp1 staining that spanned the entire equatorial plane (Figure 3.9B).

PIk1 is known to play very important roles in recruiting Ect2 to the centralspindlin complex and
to the cell equator (Petronczki et al., 2007; Wolfe et al., 2009). Upon studying the localization of
Plk1, we observed that 97% of uninfected versus 9% of C. trachomatis-infected telophase cells
had normal Plk1 distribution, which spanned the equatorial width (Figure 3.9C). We
subsequently examined the distribution of Prcl, a protein that recruits Plk1 to the cell equator
(Von Schubert et al., 2010; D’ Avino et al., 2007; Neef et al., 2007). Whereas, Prc1 showed
normal distribution in 99% of uninfected cells, only 3% infected telophase cells showed typical
Prcl staining that traversed the equatorial plane (Figure 3.9D). Analysis of anaphase cells,
showed similar patterns of disruption for Ect2, Mklp1, Plk1 and Prcl in C. trachomatis-infected
cells (Figure 3.10A-D). Notably, when C. trachomatis inclusions were in the polar region of the
dividing host cells, Ect2, Mklp1, Plk1 and Prcl all exhibited the normal linear distribution
across the equatorial width of the host cells (Figure 3.11 A-D).
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Figure 3.9 C. trachomatis infection disrupts the equatorial localization of Ect2, Mklp1, Plk1
and Prcl during telophase. (A-D) Chlamydia (green) and DNA (blue) were stained as described
in Methods. Arrowheads marked equatorial cell cortex lacking normal signaling protein
targeting. Numbers indicate percentages of cells with normal equatorial accumulation for each

protein, which spanned the equatorial width (red). Scale bars = 10 um.
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Figure 3.10 C. trachomatis infection disrupts the localization of Ect2, Mklp1, Plk1 and Prcl
during anaphase. (A-D) C. trachomatis (green) and DNA (blue) were visualized as described in
Methods. Arrowheads indicated equatorial cell cortex lacking normal signaling protein
accumulation. The disruption of Ect2 (A, red), Mklp1 (B, red), Plk1 (C, red), and Prcl (D, red)

localization was already prominent during anaphase. Scale bars = 10 pm.
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Figure 3.11 Host cell signaling protein localization is unaffected by polar C. trachomatis
inclusions. (A-D) C. trachomatis (green) and DNA (blue) were stained as described in Methods.
Ect2 (A, red), Mklpl (B, red), Plk1 (C, red), and Prcl (D, red) crossed the entire equatorial

width when the inclusions were in the polar region.
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3.2.5 Mislocalization of signaling proteins occurs in concert with
displaced astral and central spindle MTs
A consistent defect was observed in Ect2, Mklp1, Plk1, Prcl (Figure 3.9A-D) and Aurora B
(data not shown) localization after C. trachomatis infection in mitotic cells. We hypothesized
that delivery of these molecules was impaired due to MT organization disruption in C.
trachomatis-infected cells. Control cells showed normal MT targeting to the furrowing cell
cortices that were enriched for myosin II (Figure 3.12A). In contrast, only the cell cortex further
away from C. trachomatis inclusions in infected cells showed robust MT targeting and myosin
IT accumulation (Figure 3.12A). The inclusion side had negligible or very sparse MT penetration
with corresponding attenuated myosin II signal (Figure 3.12A). F-actin, anillin and RhoA
showed identical localization as myosin II in relation to MT density (data not shown). We next
investigated the distribution of central spindle MTs and Ect2 in C. trachomatis-infected cells.
Ect2 was recruited as a perpendicular line across the mitotic midzone in uninfected telophase
cells as expected (Figure 3.12B). Ect2 in C. trachomatis-infected cells similarly decorated the
central spindle MTs, but both Ect2 and central spindle MTs were severely displaced away from
the cell cortex adjacent to the inclusion (Figure 3.12B). Mklp1, Plk1 and Prcl showed identical

localization pattern as Ect2 in relation to MT distribution (data not shown).

We quantified the fluorescence intensity of MTs at each cleavage furrow and found that 89% of
uninfected and only 9% of infected telophase cells had equal density of MTs at both equatorial
cortices (Figure 3.12C). Fine step Z-stacks taken using spinning disk confocal revealed that
MTs were equally distributed on both sides of uninfected telophase cells, while both central
spindle and astral MTs were severely displaced to one side of the cell and rarely extended to the
cell cortex adjacent to the C. frachomatis inclusion in infected cells (Figure 3.12D). Since C.
trachomatis inclusions could induce very robust MT displacement in some regions of the cell
cortex, we took advantage of this unique property to examine the role of astral MTs in
promoting furrow formation. In the few instances where C. frachomatis inclusions were located
at a polar region, no anillin accumulation was observed at cortical areas receiving dramatically
lower astral MTs (Figure 3.13A). Small, centrally located C. trachomatis inclusions often
blocked midzone MT from reaching the cortex yet allowed some astral MTs to reach the
overlying cell cortex. Telophase cells with such inclusions showed modest equatorial anillin

accumulation (Figure 3.13B). These results suggested that astral MTs had a positive, stimulatory



effect on cleavage furrow formation and the lack of astral MTs alone was insufficient to

promote contractility.
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Figure 3.12 The mislocalization of myosin II and Ect2 coincides with MT displacement. (A-E)
MT, C. trachomatis and DNA were stained as described in Methods. (A) Similar density of
MTs (green) reached both equatorial cortices and myosin II (red) accumulated equally on both
sides in uninfected cells. In C. frachomatis-infected cells, the lack of myosin II accumulation
always coincided with the lack of MTs. (B) Ect2 (red) decorated the midzone MTs (green)
across the equatorial width in uninfected telophase cells. After C. trachomatis infection, the
midzone and astral MTs were severely shifted to one side of the telophase cell and Ect2 only
accumulated where the MTs were present. (C) Both equatorial cortices received equal amounts
of MTs (red) in 89% of uninfected but only 9% of infected telophase cells. (D) A series of
spinning disk confocal images at different Z-planes showed that MTs (red) were distributed
equally towards the cortex on both sides of the control cell; while both midzone and astral MTs
were severely displaced from the side containing C. trachomatis inclusion (asterisks).
Arrowheads indicate sites of reduced MT density at the cell cortex near the inclusion. DNA was

shown in white. Scale bars = 10 pm.
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Merge anillin

Figure 3.13 Astral MTs deliver positive furrow-inducing signals to the equatorial cell cortex
(A) Astral MTs (green) could no longer reach some regions of the cell cortex due to the
presence of a C. trachomatis inclusion (asterisks). No accumulation of the contractile element
anillin (red) was observed in parts of the cell cortex with diminished astral MTs (arrows). At
least 100 cells were screened for ectopic anillin accumulation. (B) Small, centrally located
inclusion (asterisks) could displace central spindle MTs (green) while allowing astral MTs to
reach the prospective furrowing cell cortex. Modest accumulation of anillin (red) was promoted
by the presence of a few astral MTs (arrowheads). At least 30 cells with small, centrally located

inclusions were examined. Scale bars = 10 um.
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3.2.6 Ingested latex beads mimic the C. trachomatis inclusion as a
physical barrier and can induce unilateral cleavage furrow defect
We asked the question whether the C. frachomatis inclusion caused the displacement of
cytoskeletal and signaling proteins by simply acting as a physical barrier. To mimic such an
intracellular physical obstacle, Chinese Hamster Ovary (CHO) cells stably expressing Fcy
receptors (CHO-IIA cells) were used to internalize IgG-opsonized 15-micron polystyrene beads.
While the phagocytic uptake of these large beads was extremely low (data not shown), we were
able to obtain sufficient numbers of cells with internalized beads to compare their progression
through cell division with the more reliably generated C. trachomatis inclusion-containing cells.
Using DIC live cell imaging, we observed two phenotypes in dividing cells. CHO-IIA cells that
contained a bead in the polar region successfully divided into two daughter cells (Figure 3.14A).
When beads were centrally located in CHO-IIA cells, a unilateral cleavage furrow formed
(Figure 3.14B), similar to C. trachomatis-infected cells. These cells were often prevented from
dividing into two daughter cells (Figure 3.14B). Cells with internalized beads that failed to
divide eventually formed multinucleated interphase cells (n=18 out of 18, Figure 3.14B). We
confirmed that signaling proteins such as RhoA were unable to accumulate at the cell cortex
near the equatorially located latex bead, which closely resembled the defect caused by C.
trachomatis inclusion (Figure 3.14C, left). Conversely, RhoA accumulated at both equatorial
cortices in the presence of a polar latex bead (Figure 3.14C, right). The success rate of division
for cells with centrally located beads was significantly lower than that of cells with beads in the
polar region (Figure 3.14D). This result suggested that the mechanical hindrance due to the

presence of a large vacuole at the cell equator is sufficient to disrupt cytokinesis.

The polystyrene beads were chosen to have a size comparable to that of C. trachomatis
inclusions at 36 hpi (Figure 3.14E). Despite having identical relative sizes, over 95% of C.
trachomatis inclusions at 36 hpi localized to the cell equator, whereas less than 54% of the
beads were present in the cell equator during telophase (Figure 3.14F). These results showed
that C. trachomatis inclusions localized to the cell equator much more efficiently than inert
particles of similar size, suggesting that C. trachomatis might be actively localizing to the cell

equator.
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Figure 3.14 Centrally located large polystyrene beads can recapitulate the unilateral cleavage
furrow defect. (A and B) CHO-IIA cells that internalized a bead were subject to DIC imaging.
Numbers indicate hours:minutes. Scale bars = 10 um. (A) Cells with beads in the polar region
were able to form bilateral cleavage furrows and successfully divide into two discrete daughter
cells (n= 16 out of 16). (B) When the bead was in the cell center, a unilateral cleavage furrow
(arrows) could be induced. Cytoplasmic division frequently failed in cells with centrally
positioned beads (n=18 out of 27). Two nuclei were outlined with dashed lines. (C) RhoA (red)
only accumulated at the equatorial cell cortex away from the centrally located latex bead in
CHO IIA cells. RhoA accumulated bilaterally when the latex bead was not in the cell centre.
DNA was stained with DAPI (blue) (n= 10 out of 10). (D) Cells containing centrally located
beads had a significantly lower success rate of division than cells containing beads in the polar
region (p < 0.005). (E) The relative size of 15 pum beads compared to host cells was
indistinguishable from that of the C. trachomatis inclusions at 36 hpi (p > 0.74). (F) C.
trachomatis inclusions localized to the cell equator significantly more often than similarly sized
beads during telophase (p < 0.005). (C-E) Error bars represent SEM from at least three

independent experiments.
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3.2.7  Active bacterial protein synthesis contributes to the equatorial
localization of C. trachomatis inclusions
Despite recent development, gene-specific genetic knockout tools are not available for
chlamydia (Kari et al., 2011; Nguyen and Valdivia, 2012). In order to address whether C.
trachomatis was actively localizing to the center of dividing cells, we created metabolically
inactive C. trachomatis inclusions using azithromycin, one of the most commonly prescribed
antibiotics for treating C. trachomatis infection (Kimberly A. Workowski, 2006). To block C.
trachomatis protein synthesis, azithromycin was added to cells at 28 hpi to allow initial growth
of the inclusion to an intrusive size. We assessed bacterial protein synthesis with a non-
radioactive nascent protein synthesis labelling technique using L-azidohomoalanine (AHA). C.
trachomatis particles in untreated cells were brightly labelled with AHA and appeared as
distinct puncta within the inclusion (Figure 3.15A), while no bacteria showed visible
incorporation of AHA 7 hours after azithromycin treatment (Figure 3.15B). AHA incorporation
by C. trachomatis inclusion was unaffected by cycloheximide, a host protein synthesis inhibitor
(Figure 3.15C). In addition, simultaneous cycloheximide and azithromycin treatment knocked
out both host and bacterial AHA incorporation (Figure 3.15D). Together, these results validated
the use of AHA for detecting chlamydial protein synthesis.
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Figure 3.15 Azithromycin prevents C. trachomatis protein synthesis. Cells were untreated,
treated with cycloheximide (cyclohex) and azithromycin (azithro) alone or in combination for 1
hour before labelling with AHA to detect nascent protein synthesis. (A) Untreated cells showed
uniform distribution of AHA (red) in the cytosol and punctate staining in the C. trachomatis
inclusions. (B) Inclusions in azithromycin-treated cells lacked detectable accumulation of AHA.
(C) Cycloheximide-treated cells had low levels of host protein synthesis, while C. trachomatis
protein synthesis was unaffected. (D) Azithromycin and cycloheximide treatment largely

inhibited both host and C. trachomatis protein synthesis as shown by diminished AHA signal.
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To monitor cleavage furrow formation, we examined the localization of RhoA in these
azithromycin-treated cells. Following antibiotic treatment, we observed that RhoA was still
severely mislocalized in the presence of centrally positioned inclusions (Figure 3.16A and C).
Cells with identical inclusion sizes were chosen for comparison to ensure that any difference we
detected was not solely due to the difference in inclusion size (Figure 3.16B). Interestingly,
analysis of antibiotic-treated cells revealed a significant increase of C. trachomatis inclusions in
the polar region of cells compared to untreated cells (Figure 3.16D). After azithromycin
treatment, cells with inclusions in the polar region were able to form normal bilateral cleavage
furrows (Figure 3.17A), similar to CHO-IIA cells with beads in the polar region (Figure 3.14A
and C). Over 98% of cells with inclusions in the polar region successfully completed furrow
ingression, while less than 20% of cells with equatorial inclusions were able to complete furrow
ingression (Figure 3.17B and C). Following antibiotic treatment, there was a significant increase
in the percentage of cells that successfully completed furrow ingression (Figure 3.17D). Thus,
protein synthesis of C. frachomatis influenced the spatial distribution of this bacterial
compartment in dividing cells, which largely determined the efficiency of cleavage furrow

disruption.
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Figure 3.16 Azithromycin treatment increases the number of polar inclusions. (A) Similar to
untreated cells, after azithromycin treatment, centrally located C. trachomatis inclusions still
caused RhoA mislocalization during telophase (arrowheads). (B) Telophase cells with similarly
sized C. trachomatis inclusions (p > 0.56) were chosen, with and without azithromycin
treatment, for subsequent RhoA distribution and inclusion positioning analysis. (C)
Azithromycin treatment did not rescue the RhoA mislocalization defect when the C. trachomatis
inclusion was centrally located (p > 0.72). (D) A significant increase of cells containing C.
trachomatis inclusions in the polar region was detected after azithromycin treatment (p < 0.05).

Error bars represent SEM from three independent experiments.
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Figure 3.17 Cells containing polar C. trachomatis inclusions can successfully divide. (A) Cells
containing polar inclusions after azithromycin treatment had normal bilateral RhoA
accumulation and furrow ingression. (B) Cells containing C. trachomatis inclusions in the polar
region did not cause observable cleavage furrow defects (n=48 out of 49), while cells with
equatorially located inclusions rarely completed cleavage furrow ingression (n= 6 out of 33) (p<
0.01). (C) Fluorescent live cell imaging (F-actin, green; DNA, red) confirmed that cells with
polar C. trachomatis inclusions divided normally into two daughter cells. Numbers indicate
minutes:seconds. Scale bars = 10 pm (D) Azithromycin treatment for 7 hours significantly
increased the percentage of infected cells that completed furrow ingression (p< 0.05). More than
70 cells were quantified per experiment. Error bars represent SEM from three independent

experiments.
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3.3 Discussion

This study shows that C. trachomatis inclusions at later stages of infection can disrupt cleavage
furrow formation on one side of the host cell, thus leading to a unique unilateral furrow
ingression that often failed to complete. Numerous epidemiological studies have identified C.
trachomatis as both an independent risk factor and a co-factor with human papillomavirus to
cause cervical cancer (Madeleine et al., 2007; Samoff et al., 2005). In addition, Chlamydia
pneumonia, whose life cycle is similar to C. trachomatis, has also been shown to increase the
risks of lung cancer (Jackson et al., 2000; Littman et al., 2004). The tumorigenic effects of C.
pneumonia may be caused by chronic inflammation (Chaturvedi et al., 2010) and C. trachomatis
infection has been shown to lead to supernumerary centrosome formation, another possible
contributing factor to tumorigenesis (Grieshaber et al., 2006b; Johnson et al., 2009; Knowlton et
al., 2011). Our study provides a mechanism by which C. trachomatis causes host cytokinesis
failure and multinucleation with very high efficiency. We demonstrated the mechanism by
which C. trachomatis inclusions efficiently disrupted host cleavage furrow formation. Starting
as far upstream as Plk1 and Prc1, we observed a consistent and sharp reduction of all the major
downstream signaling elements, including the actomyosin machinery, at the inclusion side. Our
live cell imaging showed no indication of partially formed or regressed furrows on the inclusion

side, suggesting that cleavage furrow initiation was impaired.

C. trachomatis inclusions reproducibly mimicked the elegant oil droplet studies performed by
Rappaport in echinoderm eggs (Rappaport and Rappaport, 1983), where unilateral cleavage
formation was also induced. In Rappaport’s study, a vacuole was generated by injecting an oil
droplet into the dividing cell (Rappaport and Rappaport, 1983). The oil droplet likely displaced
the mitotic spindle apparatus to an eccentric position and prevented the spindle MTs from
delivering the necessary signaling proteins to the equatorial cortex adjacent to the oil droplet. In
the current study, we were able to recapitulate the unilateral cleavage furrow using centrally
located, large latex beads in CHO-IIA cells, suggesting the asymmetric cleavage formation was
caused by the physical presence of a large vacuole. Green urchin and Hydractinia embryo cells
spontaneously form unilateral cleavage furrows, which have been attributed to naturally
occurring eccentric mitotic spindles (Rappaport and Conrad, 1963; Bement et al., 2005). Due to

the high consistency by which C. trachomatis causes the unilateral cleavage furrow defect, we
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were able to confirm that the mitotic spindle also became eccentrically positioned, due to the

presence of a large inclusion with high resolution IF.

Our study is the first to systematically assess the localization of key signaling elements during
unilateral cleavage formation. Previous studies that observed unilateral cleavage furrows lacked
large scale IF quantifications due to the transiency of furrow ingression (Campbell et al., 1989).
In our study, we consistently obtained large numbers of telophase cells exhibiting unilateral
furrows with monastrol synchronization and C. trachomatis infection. Also unique about this
system was that endogenous proteins were not experimentally knocked down and were
functional based on their recruitment and ability to promote at least one cleavage furrow. It is
important to note that normal bilateral cleavage furrows formed and ingressed, when the C.
trachomatis inclusion was located in the polar region. Together, these observations suggested
that C. trachomatis-induced cleavage furrow defect was the result of physical displacement
instead of degradation of host signaling proteins essential for furrow initiation. Ect2 is recruited
to the midzone MTs to promote RhoA activation at the overlying cell cortex (Petronczki et al.,
2007; Yuce et al., 2005). In the presence of C. trachomatis inclusions, Ect2 was physically
blocked from reaching some of the prospective furrowing regions, and the absence of RhoA at
these regions suggested that Ect2 could only activate RhoA locally. This provided direct
evidence that Ect2 was responsible for the spatial control of RhoA activation during mitosis,
without using global protein knock down techniques such as siRNA (Piekny et al., 2005).
Similarly, activated RhoA could only exert its function locally in the cell, as we only observed
recruitment of anillin and actomyosin filament assembly on the same side where RhoA
accumulated. In addition, we observed that active RhoA did not diffuse laterally towards the
inclusion side along the equatorial cortex as the unilateral furrow ingressed. This suggests that
RhoA may not require a negative regulator to switch RhoA to the inactive form in order to
prevent it from diffusing from the equatorial region, as it appeared that RhoA might become
immobilized once it was activated. This is in contrast to the theory that RhoA must be
deactivated by GAPs in order to restrict the active Rho zone at the equatorial cortex (Miller and

Bement, 2009).

We also took advantage of the unique protein displacing property of the C. trachomatis
inclusion to provide novel insights regarding the controversial role of MTs in cleavage plane

specification. Numerous studies have suggested that dynamic astral MTs inhibit global
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contractility and the furrow occurs at the cell equator because it has the lowest density of astral
MTs (Canman et al., 2003; Motegi, Velarde, Piano, & Sugimoto, 2006; Werner, Munro, &
Glotzer, 2007; Foe & von Dassow, 2008; Murthy & Wadsworth, 2008; von Dassow, 2009).
Most of these studies used either MT poisons such as nocodazole or genetic tools to destabilize
dynamic MTs, which would inadvertently remove dynamic MTs in the central spindle as well,
leading to confounding results. In our system, MTs were physically displaced from certain
regions of the cell cortex and we were able to directly observe the effect of different MT
populations on furrow induction without globally altering MT stability. Large C. trachomatis
inclusions prevented targeting of MTs to the neighbouring cell cortex and generated regions on
the cell cortex that received no detectable levels of MTs and yet no contractile activity was
observed. Our live cell imaging showed no indication of partially formed or regressed furrows
on the inclusion side, suggesting that cleavage furrow initiation was impaired. Additionally,
these experiments demonstrated that there were neither ectopic furrows nor actin waves on the
cell cortex receiving non-detectable levels of astral MTs. It has been proposed that dynamic
astral MTs exist in the highest concentration at the poles, which inhibits polar contractile
activity in general (Foe and Von Dassow, 2008; Odell and Foe, 2008; Fededa and Gerlich,
2012). Smaller C. trachomatis inclusions created regions on the polar cell cortex that lacked
detectable levels of astral MTs and yet no furrow-inducing elements or furrows were observed
at these regions. This suggests that dynamic astral MTs are not necessary to inhibit ectopic polar
contractility. Moreover, we observed that smaller, centrally located C. trachomatis inclusions
selectively displaced midzone MTs, yet permitted low levels of astral MTs to reach the
prospective furrowing cell cortex. Cells containing such inclusions exhibited partial recruitment
of key furrow elements to the equatorial cell cortex. Based on our experiments, we could not
definitively determine whether the central spindle MTs are essential for full anillin
accumulation, because the reduced anillin accumulation on the inclusion side could have
resulted from reduced levels of astral MT targeting to the equatorial cortex due to the presence
of the small inclusion. Collectively, these results support the paradigm that astral MTs deliver
positive furrow-inducing signals to the prospective furrowing plasma membrane (Glotzer,

2004).

We showed that C. trachomatis inclusions could localize to the cell equator more efficiently
than similarly sized vacuoles generated by internalized beads, indicating the bacteria are

actively localizing to the cell center. A recent study on Theileria showed that the parasite can
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recruit host Plk1 and localize to the host central spindle (Von Schubert et al., 2010). Unlike
Theileria, none of the host signaling proteins that we examined were noticeably recruited to the
C. trachomatis inclusion membrane. Due to the lack of gene-specific C. trachomatis genetic
manipulation tools, we had to generate metabolically inactive C. trachomatis inclusions to
address whether C. trachomatis proteins contributed to the central localization of the inclusions
during telophase. The significant increase of inclusions in the host polar region during telophase
after antibiotic treatment suggested that C. trachomatis protein synthesis played a role in
positioning this bacterial compartment. It is likely that the antibiotic treatment reduced the
expression of some C. trachomatis proteins on the inclusion surface that were important for its
positioning. Interestingly, the majority of C. trachomatis inclusions devoid of detectable levels
of protein synthesis for at least 7 hours still localized to the host cell center, suggesting factors
essential for C. trachomatis positioning might have been expressed or recruited before antibiotic

treatment at 28hpi.

The C. trachomatis-induced cleavage furrow and cytokinesis defect is highly dependent on the
inclusion location. Cells with large inclusions in the polar region were able to form normal
cleavage furrows and have normal signaling protein localization; moreover, almost 100% of C.
trachomatis-infected cells that contained inclusions in the polar region successfully divided into
two daughter cells. Therefore, it was unlikely that the cleavage furrow formation defect was
caused by generic host protein degradation. Our results demonstrated that conventional
antibiotic treatment such as azithromycin was effective in blocking C. trachomatis protein
synthesis; however, it could not fully rescue the unilateral cleavage furrow defect that frequently
resulted in the formation of multinucleated host cells. It has been previously shown that C.
trachomatis could exit by extrusion in more than 50% of infected host cells, which could remain
viable afterwards (Beatty, 2007; Hybiske and Stephens, 2007). Therefore, it is reasonable to
speculate that C. trachomatis may contribute to tumorigenesis by causing host genome
duplication and leaving behind viable tetraploid host cells following extrusion exit. It has been
recently demonstrated that 3T3 cells that have been cured of C. trachomatis infection can
become anchorage-independent, a hallmark for tumorigenic cells (Knowlton et al., 2013). In
addition, C. muridarum can infect actively dividing cells and cause premalignant lesions in the
cervix of mouse models (Knowlton et al., 2013). Our results suggest that C. trachomatis patients
should be screened carefully for premalignant lesions even after the clearance of bacteria, as

antibiotics cannot rescue the cleavage furrow defect in majority of the infected cells.
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In conclusion, our results demonstrate that C. trachomatis-induced host cell multinucleation is
primarily caused by a cleavage furrow ingression defect due to the presence of a large equatorial
C. trachomatis inclusion during mitosis. This is the first time that a bacterium has been
documented to physically block the host cell mitosis. Our findings also suggest that C.
trachomatis is actively localizing to the host cell equator during telophase, because it localizes
to the host cell centre much more frequently than similarly-sized inert vacuole and inhibition of

bacterial protein synthesis reduces the equatorial localization of C. trachomatis inclusions.
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Chapter 4
Chlamydia inclusions actively localize to the host cell centre
during mitosis to co-opt replicated Golgi in multinuclear cells

4.1 Introduction

The obligate intracellular pathogen, Chlamydia trachomatis, is the leading cause of bacterial
sexually transmitted infections worldwide and epidemiological studies have suggested a link
between C. trachomatis infection and higher risks of cervical cancer (Madeleine et al., 2007;
W.H.O., 2001). Chlamydiae exist in two distinct forms: the infectious elementary body, which
is well-suited for extracellular survival, and the non-infectious reticulate body, which is the
intracellular replicative form (Beatty et al., 1994). Once chlamydiae enters a susceptible host
cell, it resides in a host membrane-bound vacuole termed an inclusion, where the EBs
differentiate into the RBs and begin to replicate (Hatch et al., 1984). The size of the inclusion
increases drastically over the course of the infection and the inclusion can occupy almost the
entire host cytoplasm toward the end of the infection (Neeper et al., 1990; Hybiske and
Stephens, 2007). During later stages of the infection, the RBs differentiate into the EBs prior to
exiting the host cell by lysis or extrusion (Hackstadt et al., 1997; Hybiske and Stephens, 2007).
The cysteine protease-mediated lytic pathway involves the rapid sequential permeabilization of
inclusion, nuclear and plasma membranes, which ultimately kills the host cell (Hybiske and
Stephens, 2007). Unlike lysis, the chlamydial inclusion can also extrude leaving behind a viable
host cell in a process termed extrusion (Beatty, 2007; Hybiske and Stephens, 2007). Actin and
myosin have been shown to play essential roles in the extrusion pathway and a recent study has
shown that the C. trachomatis inclusion can recruit an actin-coat around itself (Chin et al., 2012;

Hybiske and Stephens, 2007).

The C. trachomatis inclusion is known to recruit the microtubule (MT)-dependent motor,
dynein, for its trafficking to the host microtubule organizing centre (MTOC) during early stages
of the infection in interphase cells (Grieshaber et al., 2003a; Clausen et al., 1997). Recent
studies have identified microdomains on the inclusion membrane that are enriched in several
inclusion proteins, including Inc101, Inc222, Inc850 and IncB. These microdomains can recruit

active Src family kinases, which have been shown to also play important roles in inclusion
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localization to the host MTOC during early infection (Mital et al., 2010). Lack of Src family
kinase activities is shown to negatively impact C. trachomatis replication (Mital and Hackstadt,
2011a). In addition, microdomains have been observed in close proximity to the host MTOCs in

both interphase and mitotic cells during later stages of infection (Mital et al., 2010).

Chlamydiae are known to exploit host amino acids, lipids and nucleotides to ensure its
replication (Hackstadt et al., 1995b, 1996; Kumar et al., 2006; Braun et al., 2008; Hatch, 1975a).
C. trachomatis disrupts the normal Golgi structure and recruits the fragmented Golgi stacks
around the inclusion to gain increased access to host Golgi-derived lipids, which can
significantly improve C. trachomatis replication rate in interphase cells (Heuer et al., 2009).
During mitosis, the Golgi undergoes a fragmentation process and becomes thousands of sub-
micron vesicles that form the Golgi haze during mitosis (Shima et al., 1998; Gaietta et al.,
2006). These Golgi vesicles are then partitioned into two daughter cells with guidance from the
mitotic spindle (Shima et al., 1998; Wei and Seemann, 2009). After the completion of cell
division, two distinct Golgi stacks that are formed during cytokinesis fuse together to reform an
intact Golgi in each daughter cell (Gaietta et al., 2006). However, the fate and Golgi content
within multinucleated cells has not been examined to date. This is particularly germane with
respect to chlamydial infection, which can induce significant host cell multinucleation by
blocking cleavage furrow ingression or abscission (Greene and Zhong, 2003; Brown et al.,
2012; Sun et al., 2011). Our work described in Chapter 3 has shown that C. trachomatis
inclusions can localize to the cell equator, where cleavage furrows usually form and ingress, at a
much higher frequency than similarly sized vacuole generated by internalized latex beads (Sun
et al., 2011). Moreover, chlamydial protein synthesis contributes to the equatorial positioning of

the inclusion during furrow ingression (Sun et al., 2011).

Here we examine the role of the host cell cytoskeleton and interphase inclusion-positioning
elements on inclusion positioning during mitosis. We also assessed whether centralized
inclusions in mitosis confers a benefit to this bacterium. Using IF and live cell imaging, we
show that multinuclear cells that fail to divide contain higher Golgi content than mononuclear
cells. Moreover, C. trachomatis can intercept Golgi-derived lipids more rapidly in multinuclear
cells than in single nuclear cells. Our work strongly suggests that C. trachomatis actively seeks

to block host cell division to gain additional growth advantage in multinucleated cells.
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4.2 Results

4.2.1 Effects of inhibiting host proteins and bacterial protein synthesis
on C. trachomatis inclusion positioning
We have previously demonstrated in synchronized HeLa cells that C. frachomatis inclusions
localize to the cell equator and block furrow ingression during telophase using fluorescent live
cell imaging (Sun et al., 2011). Synchronized cells had to be used for fluorescent live cell
imaging due to significant phototoxicity and cell death associated with long-term imaging of
asynchronous cultures. To confirm that central localization of inclusions during mitosis also
occurred in asynchronous cells, we conducted long-term live DIC imaging experiments on C.
trachomatis-infected HeLa cells. Multi-day DIC imaging of HeLa cells had no detectable
adverse effect on cell viability or division (data not shown). In asynchronous, naturally dividing
cells, C. trachomatis inclusions still very frequently localized to the cell equator and disrupted

the normal cleavage furrow formation (Figure 4.1A, arrows).

In an attempt to identify the mechanism by which C. frachomatis inclusions localized to the cell
centre during telophase, we tested the effects of various inhibitors against key cytoskeletal
components and signaling molecules on inclusion positioning during telophase. The positioning
of C. trachomatis inclusion was revealed using IF. Since F-actin and myosin accumulate at the
cell equator during telophase (Glotzer, 2004), we inhibited F-actin polymerization and myosin
activity with cytochalasin D and blebbistatin, respectively, and examined the effect on inclusion
localization. C. trachomatis-infected HeLa cells were synchronized with low dose nocodazole
(40 ng/ml) for 8 hours before they were released from mitotic block and treated with
cytochalasin D (2 uM) or blebbistatin (100 uM) for 55 minutes until fixation. The number of
cells with polar inclusions did not change significantly after these treatments (Figure 4.1B and
C). We also used nocodazole to disrupt MTs as C. trachomatis inclusions use MTs to travel to
the host MTOC (Grieshaber et al., 2003a); and we were interested whether this would cause the
inclusions to move away from the cell equator. Since nocodazole induces mitotic checkpoint in
cells at metaphase (Lanni and Jacks, 1998), we could only add it once the cells have progressed
past metaphase. As a result, C. trachomatis-infected cells were synchronized for 8 hours and
released for 30 minutes to allow cells progress past metaphase before they were treated with 1
UM nocodazole for 25 minutes until fixation. Nocodazole treatment for 25 minutes did not cause

significant changes in inclusion localization (Figure 4.1B and C). It has been reported recently
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that Src-family kinases play important roles in the trafficking of C. frachomatis (Mital et al.,
2010; Mital and Hackstadt, 2011a); so we inhibited Src kinase activity with a Src family kinase
inhibitor, PP2 (25 uM), for 8 hours. Src kinase inhibition did not significantly impact C.
trachomatis inclusion positioning during telophase after controlling for inclusion size (Figure
4.1B and C). Interestingly, azithromycin still had a profound impact on inclusion positioning as
previously reported (Sun et al., 2011). In the current study, C. trachomatis-infected HeLa cells
were synchronized with low dose nocodazole and treated with azithromycin for 8 hours and
azithromycin treatment increased the number of cells with polar inclusions to more than 30%,

while approximately 5% of untreated cells had polar inclusions (Figure 4.1D).
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Figure 4.1 C. trachomatis inclusions localize to the cell centre very efficiently and this process
is resistant to disruption of F-actin, myosin and Src family kinase activities. (A) Naturally
dividing HeL a cells infected by C. trachomatis were imaged using long-term live DIC imaging.
Arrows indicate cells containing centrally located inclusions during telophase. (B) C.
trachomatis-infected cells were synchronized with low dose nocodazole and treated with
various inhibitors. Inclusion positioning was determined using y-tubulin (red) and DAPI staining
(cyan). Inclusions were outlined by dotted lines. (C) Inclusion localization in cells with identical
inclusion sizes was quantified in at least 50 cells per experiment. (D) Inclusion localization in
cells with identical inclusion sizes treated with azithromycin. At least 30 cells per experiment

were quantified. Error bars represent SEM from three independent experiments.
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4.2.2 C. trachomatis inclusions localize to the cell centre as early as
metaphase during cell division
Since inhibition of various host proteins involved in telophase progression did not impact C.
trachomatis positioning, we examined whether the inclusions localized to the cell equator at
earlier stages of cell division, which would make the inclusions less susceptible to these drugs.
Based on our live DIC imaging of naturally dividing infected cells, C. trachomatis inclusions
appeared to localize to the cell equator, marked by the condensed chromosome band (Figure
4.2A, arrows), as early as metaphase. Since DIC imaging does not provide conclusive evidence
of the relative positioning of the chromosome band and inclusion, we confirmed this observation
with IF of synchronized cells in metaphase and telophase (Figure 4.2B). Quantification of
inclusion positioning in the two mitotic phases revealed that C. frachomatis inclusions localized
to the cell equator in over 90% of the cells during both phases, suggesting that the inclusions
already localized to the host cell equator as early as metaphase (Figure 4.2C). Together, these
results indicate that C. trachomatis inclusion central positioning in mitosis is achieved before

telophase.
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Figure 4.2 C. trachomatis inclusions are at the cell centre by metaphase. (A) C. trachomatis
inclusions in asynchronous cells localized to the cell centre during metaphase as marked by the
equatorial chromosome band (arrows). (B) C. trachomatis-infected HeLa cells were
synchronized with low dose nocodazole for 8 hours at 28 hpi and released for either 30
(metaphase) or 55 minutes (telophase) before fixation. Inclusion positioning was visualized with
y-tubulin (red) and DAPI (cyan) staining. Inclusions were outlined by dotted lines. (C) C.
trachomatis inclusion positioning was quantified in both metaphase and telophase cells.
Approximately 97% of metaphase and 93% of telophase cells contained centrally located
inclusions at 36 hpi (p> 0.2). At least 50 cells were quantified for each mitotic phase per

experiment. Error bars represent SEM from three independent experiments.
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4.2.3 C. trachomatis inclusion microdomains are in close proximity to
host MTOCs in mitosis
Several C. trachomatis inclusion proteins cluster on the inclusion membrane and form
microdomains, which play important roles in early inclusion trafficking to the MTOC during
interphase (Mital et al., 2010; Mital and Hackstadt, 2011a). We speculated that inclusion
microdomains would persist through cell division and contribute to the central localization. We
first examined the localization of these microdomains and host MTOCs during metaphase and
telophase in cells infected with C. trachomatis for 36 hours. Microdomains and host MTOCs
were labeled using Inc101 and y-tubulin antibodies as previously described (Mital et al., 2010;
Mital and Hackstadt, 2011a). We examined inclusion microdomain integrity and positioning
relative to the host MTOC:s in the presence of various inhibitors to candidate cytoskeletal and
signaling proteins to determine whether these inhibitors had any effect. In untreated and cells
treated with cytochalasin D or blebbistatin, microdomains on inclusions were still intact and in
close proximity to the host MTOC during metaphase (Figure 4.3). Since nocodazole caused
mitotic arrest, we only added it to cells once they progressed past metaphase. In cells treated
with nocodazole for 25 minutes, microdomains were still present but they appeared to be further
away from the host MTOCs during telophase (Figure 4.3). Microdomains are known to interact
with host Src family kinases, which play an essential role in early inclusion positioning (Mital
and Hackstadt, 2011a). Surprisingly, treatment with PP2, a Src family kinase inhibitor, for 8
hours did not disrupt the integrity or the positioning of microdomains relative to host MTOCs
during metaphase (Figure 4.3). This suggests that Src kinase function is not essential for
maintaining inclusion positioning during later stages of infection. Interestingly, even treatment
with azithromycin for 8 hours also did not affect the integrity or positioning of the
microdomains, indicating that these microdomains were likely very stable once they were
formed (Figure 4.3). We also examined the relative positioning of microdomains and host
MTOC in telophase cells, with and without inhibitors. Similar to metaphase, microdomains in
telophase did not become significantly disrupted by any of the inhibitors tested (Figure 4.4).
Together, these findings suggest that microdomains are highly stable once they are formed and

are resistant to various cytoskeletal and signaling protein inhibitions.
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Figure 4.3. C. trachomatis inclusion microdomains are in close proximity to host MTOCs
during metaphase. C. trachomatis-infected HeLa cells were synchronized with low dose
nocodazole for 8 hours at 28 hpi and released from mitotic block before being treated with
various inhibitors. Microdomain and host MTOC were visualized using Inc101 (red) and y-
tubulin (green) antibodies respectively. Arrows indicate close proximity of the microdomains to
host MTOC, even after treatment with various inhibitors. Images were taken using spinning disk

confocal microscope and a single optical slice is shown. Scale bars = 10 pm.
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Figure 4.4. C. trachomatis microdomains are in close proximity to host MTOCs during
telophase. C. trachomatis-infected HelLa cells were synchronized with low dose nocodazole for
8 hours at 28 hpi and released from mitotic block before being treated with various inhibitors.
Microdomain and host MTOC were visualized using Inc101 (red) and y-tubulin (green)
antibodies respectively. Arrows indicate close proximity of the microdomains to host MTOC:s,
even after treatment with various inhibitors. Images were taken using spinning disk confocal

microscope and a single optical slice is shown. Scale bars = 10 pm.
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4.2.4  C. trachomatis inclusion microdomains associate with mitotic
spindle MTs
Since spindle MT strands emanate from the host MTOC during mitosis, we next examined the
mitotic spindle to determine whether the inclusion microdomains interacted with the spindle
MTs. In metaphase cells, inclusion microdomains associated with spindle MTs and none of the
inhibitors tested affected this association except nocodazole, which caused a complete
depolymerization and disappearance of MT strands (Figure 4.5). These results suggest that
microdomains may contribute to the inclusion positioning through interacting with spindle MTs.
Interestingly, even though azithromycin increased the number of cells with polar inclusions, it
did not disrupt the association between microdomains and host mitotic spindle MTs (Figure
4.5). In addition, we also examined the relative positioning of microdomain and spindle MTs
during telophase. In telophase cells, microdomains were observed to associate with both astral
and midzone MTs, suggesting that once host cells entered telophase, C. trachomatis inclusions
could exploit both MT populations to maintain their equatorial localization (Figure 4.6).
Interestingly, in azithromycin-treated cells that had polar inclusions, the inclusions still
contained prominent microdomains; however, they did not appear to associate with the central
spindle MTs. Together, these results suggest that the increase in the number of cells with polar
inclusions after azithromycin treatment is not caused by disintegration of the microdomains,

which persisted after the 8 hour antibiotic treatment.
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Figure 4.5 C. trachomatis microdomains directly overlap with host mitotic spindle MTs in
metaphase. C. trachomatis-infected HeLa cells were synchronized with low dose nocodazole for
8 hours at 28 hpi and released from mitotic block before being treated with various inhibitors.
Microdomain and spindle MTs were visualized using Inc101 (red) and a-tubulin (green)
antibodies respectively. Images were taken using spinning disk confocal microscope and a
single optical slice is shown. Arrows indicate overlap between microdomains and spindle MTs.

Scale bars =10 pum.
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Figure 4.6. C. trachomatis microdomains overlap with mitotic spindle MTs during telophase. C.
trachomatis-infected HelLa cells were synchronized with low dose nocodazole for 8 hours and
released from mitotic block before being treated with various inhibitors. Microdomain and
spindle MTs were visualized using Inc101 (red) and a-tubulin (green) antibodies respectively.
Images were taken using spinning disk confocal microscope and a single optical slice is shown.

Arrows indicate overlap between microdomains and spindle MTs. Scale bars = 10 um.
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4.2.5 Golgi content increases in cells that fail to divide

Based on our observation that chlamydial protein synthesis played an important role in
localizing the inclusion to the cell centre to block host cell division (Figure 4.1D), we next
explored whether blocking host cell division conferred any physiological benefits to C.
trachomatis. It has been well documented that the replicative success of C. trachomatis is highly
dependent on access to host Golgi lipids (Heuer et al., 2009). We first examined Golgi
distribution in infected cells after successful or blocked mitosis using IF. As previously
reported, under normal conditions each daughter cell would inherit approximately half of the
Golgi content from the mother cell after cell division (Figure 4.7A) (Shima et al., 1998; Gaietta
et al., 2006). In the rare instances when host cell mitosis was not blocked by the inclusion,
approximately half of the total Golgi content was inherited by each daughter cell similar to un-
infected cells (Figure 4.7A). Consequently, the C. trachomatis inclusion would no longer have
access to Golgi lipids in the other daughter cell upon successful completion of host cell division,
unless the C. trachomatis inclusion also separates into two daughter cells. Based on our live cell
imaging experiments, C. trachomatis inclusions rarely divided into two daughter cells,
suggesting C. trachomatis would indeed very often lose Golgi content to the uninfected
daughter cell. In cells where C. trachomatis inclusions blocked the separation of the two
daughter cells, the Golgi began to reform regardless of whether cleavage furrow ingression was
completed (Figure 4.7B). In addition, the blocked furrow eventually regressed and the Golgi
content that was meant for two daughter cells was retained in a single infected multinucleated
cell. The presence of an internal midbody indicated that the cell recently failed to divide into
two daughter cells. Golgi in cells that failed to divide surrounded the C. trachomatis inclusion
similar to Golgi in mononuclear cells, suggesting the entire reformed Golgi apparatus in
multinuclear cells was exploited (Figure 4.7B). To ensure this was not a cell line-specific
phenomenon, we confirmed this observation in several human (MCF10A and HEK293) and
mouse (NIH3T3) cell lines (Figure 4.8). In all the cell lines examined, the Golgi apparatus in
infected multinuclear cells always surrounded the inclusion as observed in mononuclear cells,
indicating C. trachomatis could exploit the additional Golgi content in multinuclear cells

(Figure 4.8).
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Figure 4.7. C. trachomatis inclusions co-opt the entire Golgi apparatus when host mitosis is
blocked. (A) After a recent division event, marked by intense midbody a-tubulin (green)
staining, each daughter cell inherited part of the Golgi indicated by GM 130 staining (red). In the
rare instances where C. trachomatis inclusion did not block furrow ingression, the uninfected
daughter cell inherited part of the Golgi apparatus. C. trachomatis inclusion is marked by the
dotted line as revealed by DAPI staining (blue). (B) In most C. trachomatis-infected telophase
cells, the Golgi stacks began to reform even though furrow ingression was blocked by the
inclusion. The prominent internal midbody indicated a multinuclear cell that recently failed to
divide into two daughter cells. This multinuclear cell also contained fragmented Golgi stacks

that surrounded the C. trachomatis inclusion. Scale bars =10 um.
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Figure 4.8 Golgi in multinuclear cells surrounds C. frachomatis inclusions in several cell lines.
The Golgi apparatus (red) in multinuclear HEK293 (human fibroblast), MCF10A (human
epithelial) and NIH3T3 (mouse fibroblast) cells (green, F-actin) was observed to surround the C.

trachomatis inclusions (cyan). Scale bars = 10 um.
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In order to quantitatively measure the degree to which Golgi content was increased in cells that
failed to divide, we artificially created cells that failed to divide. In this analysis, we did not use
C. trachomatis to generate multinuclear cells, because C. frachomatis is known to modify Golgi
structure and intercept Golgi content, which could interfere with our total Golgi content
measurements. Instead, we used a previously described synchronization procedure (Whitfield et
al., 2002) and the resulting mitotic cells were either untreated or treated with blebbistatin to
block furrow ingression. After a recovery period of 5 hours from blebbistatin treatment, cells
were fixed and stained for GM130 to label the Golgi. Both mononuclear and multinuclear cells
were generated under both untreated and blebbistatin-treated conditions (Figure 4.9A). In order
to ensure that what we observed was not a blebbistatin-specific phenotype, we also used
cytochalasin D or wiscostatin in place of blebbistatin to induce multinucleation (Figure 4.9A).
Epifluorescent images revealed that the multinuclear cells had physically larger Golgi apparatus
than mononuclear cells regardless of how they were generated (Figure 4.9A). Quantification of
GM130 signal intensity using IF images revealed that multinuclear cells contained
approximately twice the amount of Golgi compared to mononuclear cells (Figure 4.9B). In
addition, we also repeated the Golgi protein intensity measurement with flow cytometry, which
measures the total protein intensity in the entire cell. The 4N population under control
conditions mostly consisted of mononuclear cells that had progressed past S phase. Based on
our IF analysis, approximately 96% of the cells were multinuclear after blebbistatin treatment;
therefore, the 4N population in the treatment group were mostly multinuclear cells. Our flow
cytometry data showed that multinuclear cells contained approximately 70% more Golgi content
than mononuclear cells. Together, these results suggest that on average, cells that fail to divide
into two daughter cells indeed contain significantly higher Golgi content than mononuclear

cells.
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Figure 4.9 The Golgi content increases in multinuclear cells that fail to divide. (A) Cells were
synchronized into mitosis and then treated with blebbistatin (Bleb), wiscostatin (Wisco) or
cytochalasin D (CytoD) to inhibit furrow ingression to generate large numbers of multinuclear
cells. The resulting cells were fixed and stained for F-actin (green), Golgi (GM130, red) and
DNA (blue). Scale bars = 10 um. (B) Quantification of GM130 signal intensity in IF images of
mononuclear and multinuclear cells revealed that multinuclear cells contained significantly
more Golgi protein than mononuclear cells. (C) Flow cytometry analysis of cells stained with
GM130 revealed that multinuclear cells contained significantly higher Golgi content than

mononuclear cells.
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4.2.6 C. trachomatis intercepts Golgi-derived lipids more rapidly in
multinuclear cells compared to mononuclear
Since our results suggested that multinuclear cells that failed to divide contained higher Golgi
content, we next examined whether C. trachomatis can acquire Golgi-derived nutrients more
rapidly in these multinuclear cells. To answer this question, we conducted spinning disk
confocal live cell imaging to monitor fluorescent BODIPY -ceramide trafficking to the inclusion
(Heuer et al., 2009). HeLa cells seeded on glass-bottom dishes were infected with C.
trachomatis for 36 hours and fields containing both multinuclear and mononuclear cells were
chosen. Imaging was started as soon as the fluorescent ceramide was added to the cells and the
trafficking to C. trachomatis particles inside the inclusions were monitored in mononuclear and
multinuclear cells. In order to label individual C. trachomatis particles, we pre-incubated
infected cells with DRAQS for 10 minutes (Sun et al., 2012). Through these live imaging
experiments, we consistently observed that individual bacterial particles in multinuclear cells
(Figure 4.10A, arrow) obtained fluorescent ceramide signals more rapidly than those in
mononuclear cells (Figure 4.10A, arrowheads) within the same imaging field. The number of
brightly-labeled C. trachomatis particles appeared to be much higher in multinuclear cells
compared to mononuclear cells, even though the inclusion sizes were comparable.
Quantification of the total ceramide fluorescence intensity in C. trachomatis inclusions revealed
that inclusions acquired ceramide much more rapidly in multinuclear cells than in mononuclear
cells (Figure 4.10B). This again suggests that generation of multinuclear cells through blocking
host cell division could indeed enhance nutrient acquisition by C. trachomatis, which could in

turn confer growth advantage to the bacteria.
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Figure 4.10 C. trachomatis inclusions can acquire fluorescent Golgi-derived lipid markers more
rapidly in multinuclear cells than in mononuclear cells. (A) C. trachomatis-infected cells were
imaged immediately after the addition of fluorescent ceramide (green) to determine the rate of
lipid acquisition by inclusions. C. trachomatis inclusions and host nuclei were revealed by DNA
stain (DRAQS, red). Outline of the multinuclear cell is indicated by dotted line. Arrowheads
mark the inclusions in single nuclear cells, while arrow indicates inclusion in multinuclear cell.
Numbers indicate minutes after addition of ceramide. Scale bars = 10 um. (B) Quantification of
fluorescence intensity inside C. trachomatis inclusions showed that C. trachomatis particles can
intercept Golgi-derived lipids significantly faster in multinuclear cells than in mononuclear

cells.
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4.3 Discussion

We have previously demonstrated that C. trachomatis inclusions localize very efficiently to the
host cell centre during telophase using fluorescent live imaging and IF in synchronized cells
(Sun et al., 2011). In the current study, we confirmed these observations with long term live cell
DIC imaging in asynchronous cells. Consistent with our previous report, C. trachomatis
inclusions in asynchronous cells also localized to the cell centre very frequently, blocked furrow
ingression and induced the formation of multinuclear host cells. The long term DIC imaging did
not involve the use of any synchronization agents and it did not cause detectable levels of
phototoxicity-associated cell death; therefore, these results are the most accurate description of

mitotic defects caused by C. trachomatis.

Another microorganism, Theileria, can bind to host mitotic signaling protein, Plk1, and localize
to the host cell centre (Von Schubert et al., 2010). In the current study, we attempted to identify
the mechanism by which C. trachomatis localized to the cell centre using various cytoskeletal
and signaling protein inhibitors. Quantification of inclusion positioning, after controlling for
inclusion size, revealed that cytochalasin D, blebbistatin, nocodazole and PP2 did not cause
significant changes in inclusion localization. It has been reported that C. trachomatis inclusions
can recruit F-actin for the maintenance of their integrity and for extrusion in a myosin II-
dependent manner (Chin et al., 2012; Kumar and Valdivia, 2008). In our study, it is not
surprising that cytochalasin D and blebbistatin, targeting F-actin and myosin II respectively, did
not change the inclusion positioning during mitosis, since neither F-actin nor myosin II were
recruited to the inclusion surface during mitosis. However, it is unexpected that nocodazole and
PP2, which target MTs and Src family kinases respectively, did not cause significant changes in
inclusion positioning. We and others have demonstrated that C. trachomatis inclusions appeared
to associate with host MTs at microdomains and depend on MTs for their localization especially
during early stages of the infection (Grieshaber et al., 2003b; Mital et al., 2010). It has been
documented that dynein is in close proximity to inclusion microdomains during mitosis and C.
trachomatis depends on this MT-based motor for its trafficking during early stages of the
infection (Mital et al., 2010; Grieshaber et al., 2003b). Nocodazole did not have a significant
impact on inclusion positioning in our experiment likely because of timing of the treatment.
Nocodazole induces mitotic arrest in metaphase cells (Lanni and Jacks, 1998); as a result, we

could only add it after cells have progressed past metaphase to quantify inclusion positioning
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during telophase. Due to the transient nature of anaphase and telophase, nocodazole treatment
could only be carried out for 25 minutes. It is interesting to note that 97% of metaphase cells
contain centrally located C. frachomatis inclusions indicating that the central positioning is
likely completed as early as metaphase. This could explain the lack of change in inclusion
positioning after nocodazole treatment of anaphase and telophase cells. These results suggested
that MTs were dispensable for maintaining central inclusion positioning after metaphase. Src
family kinases have been implicated to play essential roles in inclusion trafficking to the host
MTOC during early stages of infection (Mital and Hackstadt, 2011a). Unlike nocodazole,
infected cells were treated with PP2 for 8 hours to inhibit Src kinase functions and yet this did
not significantly alter inclusion positioning during mitosis at 36 hours post infection. This
suggests that while Src kinases play important roles in inclusion localization during early stages
of infection, they are dispensable for maintaining inclusion positioning during later stages of the
infection. This observation should be further confirmed by examining the impact of PP2
treatment on known targets of Src family kinase in order to assess the effectiveness of the

inhibitor itself (Kong et al., 2011).

During mitosis, C. trachomatis inclusion microdomains were in close proximity to host MTOCs
and they likely interacted through spindle MTs, which appeared to associate with microdomains
in both metaphase and telophase cells. Interestingly, inclusion microdomains can associate with
both astral and midzone MTs in telophase cells, which may serve as the landmark structures that
C. trachomatis inclusions use to localize to the cell equator. In addition, our study is the first to
discover that apparent integrity of the inclusion microdomains, based on Inc101 staining, is
resistant to azithromycin or PP2 treatment for 8 hours. We have previously demonstrated that
azithromycin can reduce C. trachomatis protein synthesis to an undetectable level within 1 hour
(Sun et al., 2011). This suggests that the microdomains are very stable once formed and Inc101
does not have a high protein turnover rate, as bacterial protein synthesis is blocked for at least 7
hours. Chloramphenicol, an antibiotic that inhibits bacterial protein synthesis, has been
demonstrated to be highly effective in disrupting inclusion localization to the host MTOC
during early stages of infection (Mital and Hackstadt, 2011a). However, during later stages of
infection after the microdomains have formed, inclusion positioning became more resistant to
antibiotic treatment targeting bacterial protein synthesis, such as azithromycin. Even though the
number of cells with polar inclusions increased to approximately 30% after azithromycin, 70%

of infected cells still contained central C. trachomatis inclusions in the absence of detectable



123

levels of bacterial protein synthesis for at least 7 hours. It is interesting to note that polar
inclusions in azithromycin-treated cells still contained prominent microdomains revealed by
Inc101 staining. The persistence of microdomain structures, which have been implicated in
inclusion positioning (Mital and Hackstadt, 2011a), after azithromycin treatment during later
stages of infection could explain why this drug was unable to rescue the mitotic defect in
majority of the infected cells. Similarly, while Src family kinases play important roles in early
inclusion trafficking (Mital and Hackstadt, 2011a), they do not appear to affect inclusion
microdomain integrity during later stages of the infection, which could explain the lack of

changes in inclusion positioning after PP2 treatment.

Our study is the first to demonstrate that there is a physiological benefit for C. trachomatis to
block host mitosis. Golgi content, measured by GM 130 staining, was increased by
approximately 70-90% in cells that failed to divide compared to mononuclear cells that went
through the same synchronization protocol and successfully divided. To our knowledge, this is
the first study comparing Golgi content in multinuclear and mononuclear cells. Previous studies
have demonstrated that Golgi is partitioned into two daughter cells during mitosis under normal
conditions (Gaietta et al., 2006; Wei and Seemann, 2009; Altan-Bonnet et al., 2006). Following
mitosis, Golgi is reformed by the fusion of two distinct Golgi stacks into a common stack in
each daughter cell (Gaietta et al., 2006). Similar to uninfected cells, C. trachomatis-infected
cells that successfully divided into two daughter cells distributed Golgi into each daughter cell.
Consequently, C. trachomatis lost access to approximately half of the Golgi after completion of
cytokinesis. In a cell whose cytokinesis was blocked, Golgi was retained in a single multinuclear
cell and the reformed Golgi surrounded the C. trachomatis inclusion as it would in a
mononuclear cell (Heuer et al., 2009). Since C. trachomatis can be spontaneously cleared by the
mouse immune system, C. muridarum has been used in a recent study to demonstrate that this
bacterium can infect mitotically active cells in vivo (Knowlton et al., 2013). This suggests that
C. trachomatis will very likely encounter naturally dividing cells in human patients as well. C.
trachomatis infection induces the formation of multinuclear host cells and the efficiency by
which C. trachomatis causes this defect is enhanced by the presence of bacterial protein
synthesis (Sun et al., 2011; Greene and Zhong, 2003; Brown et al., 2012). Our current study
showed that inclusions in multinuclear cells acquired fluorescent ceramide, a marker for Golgi-

derived lipids, much more rapidly than those in mononuclear cells. This indicates that inclusions
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can acquire lipids, an essential nutrient that can directly affect C. trachomatis replication, faster

in multinuclear cells that have failed to divide.

Our results demonstrate that C. trachomatis inclusions have a lipid acquisition advantage when
they block host cell division. In addition, this blockage, while resistant to cytochalasin D,
blebbistatin, nocodazole and PP2 treatment, is affected by bacterial protein synthesis. These
findings strongly suggest that C. frachomatis is actively seeking the host cell centre during host
cell division to gain additional growth advantage. With the exciting emergency of novel genetic
manipulation techniques for C. trachomatis (Kari et al., 2011; Wang et al., 2011), it will be
interesting to systematically assess single-protein knock-out mutants to determine which C.

trachomatis proteins are important for inclusion positioning and blocking host cell mitosis.
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Chapter 5
Summary and Future Directions

Epidemiological studies have established C. trachomatis infection as an independent risk factor
for increased risks of cervical cancer. The major focus of my work has been to understand the
mechanism by which C. trachomatis infection leads to host cell multinucleation a well-
established cellular defect that can lead to aneuploidy and tumorigenesis. We demonstrated that
C. trachomatis inclusions actively localized to the host cell centre and disrupted the normal
bilateral cleavage furrow formation. The side of the cell proximal to the inclusion typically
lacked an ingressing furrow resulting in a unique unilateral cleavage furrow defect, which often
ingressed and became blocked by the C. trachomatis inclusion. The lack of an ingressing furrow
was due to the disruption of signaling protein accumulation on the equatorial cellular cortex
proximal to the C. trachomatis inclusion, which was caused by the displacement of mitotic
spindle MTs from these regions. C. trachomatis inclusions localized much more frequently to
the host cell equator than inert vacuoles. Inhibition of bacterial protein synthesis resulted in a
decrease in the equatorial localization of C. trachomatis inclusions. Microdomains on the
inclusion surface likely played an important role in inclusion positioning during mitosis and
they were resistant not only to treatment with various host cytoskeletal and signaling protein
inhibitors but also to bacterial protein synthesis inhibitor. Finally, we confirmed that blocking
host cell cytokinesis could indeed confer additional nutrient acquisition advantage to C.
trachomatis, as inclusions intercepted Golgi-derived lipid markers much faster in multinuclear

cells than in mononuclear cells.
C. trachomatis as a model to study cleavage furrow signaling

MTs play a critical role in establishing the cleavage furrow, although the precise MT subsets
involved in this are still under intense debate. It has been postulated that dynamic astral MTs
inhibits global contractility and a cleavage furrow forms at the cell equator due to the lowest
density of these MTs (Glotzer, 2004). Moreover, removal of dynamic MTs through
pharmacological or genetic means from the polar cell cortex leads to ectopic contractile
activities (Canman et al., 2000; Kurz et al., 2002; Fededa and Gerlich, 2012; Foe and von

Dassow, 2008; Bement et al., 2005) . In our experiments, we took advantage of the MT-
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displacing capability of astral MTs and examined cells with small C. trachomatis inclusions
where astral MTs were physically prevented from reaching the polar cell cortex (Figure 5.1A).
Neither ectopic furrowing nor accumulation of contractile elements was observed at these
regions on the plasma membrane, indicating elimination of dynamic astral MTs from the
cellular cortex alone is insufficient to induce contractility. Many of the furrow-inducing
signaling proteins depend on MTs for their equatorial localization during late mitosis and
cytokinesis (Glotzer, 2009). Pharmacological or genetic alteration of MT stability inevitably
causes non-specific depolymerization of non-astral MTs, such as MTs in the central spindle.
Since central spindle MTs contain high densities of furrow-inducing elements, any disruption of
these MTs could result in the release of these complexes into the cytosol and cause ectopic
furrowing (D’Avino et al., 2006). In our studies, MT stability was not artificially altered and
furrow-inducing proteins were still present and functional, since cells containing polar

inclusions could form bilateral cleavage furrows that ingressed normally.

Moreover, astral MTs appeared to promote modest accumulation of furrow-inducing proteins at
the cell equator independent of the central spindle (Figure 5.1B). Previous studies examining the
roles of different MT populations were unable to physically displace a specific population of
MTs and relied on genetic knock down of proteins important for central spindle formation
(Glotzer, 2004). However, knock down of proteins important for central spindle formation, such
as Prclor Mklp1, disrupts localization of signaling proteins such as Plk1 and Ect2 to astral MTs
as well (Neef et al., 2007; Yuce et al., 2005; Nishimura and Yonemura, 2006). This creates an
insurmountable hurdle for examining the exact role of astral and central spindle MTs. In our
experiments, since the central spindle MTs are held together, they can be displaced from the
equatorial cell cortex as a large bundle by a small centrally located C. trachomatis inclusion.
The result of this displacement was that only astral MTs were able to reach certain regions of
the equatorial cell cortex and this was achieved without artificially knocking down any proteins.
In these instances where only astral MTs were able to reach the equatorial cell cortex, modest
accumulation of furrow-inducing proteins was observed at the equatorial cortex (Figure 5.1B).
This is consistent with the theory that astral MTs deliver positive, furrow-inducing signals to the
equatorial plasma membrane (Glotzer, 2009). Future experiments aimed to addressing the
controversy regarding the roles of different MT populations should take advantage of this MT-
displacing capability of C. trachomatis inclusions to rigorously examine the contribution of

different M T populations to cleavage furrow formation.
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In addition, the induction of unilateral cleavage furrow by C. trachomatis inclusion will be
confirmed in different cell lines from various species, such as NIH3T3, HEK293 and MCF10A
cells, in order to ensure that this defect is not a cell-type specific artifact. Similarly, contribution
of astral and midzone MTs to furrow formation should also be confirmed in these established

cell lines.
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No ectopic furrow

Figure 5.1 Astral MTs deliver positive, stimulatory signals to the equatorial cell cortex. (A)
Small polar C. trachomatis inclusions can displace astral MTs and create regions on the polar
cell cortex that receive no MT targeting. In these regions, neither ectopic furrows nor contractile
activities were observed. (B) Small equatorial inclusions can displace the central spindle MTs as
a bundle while allow some astral MTs to reach the equatorial cell cortex. Modest accumulation

of furrow-inducing proteins at the equatorial cortex can be induced by astral MTs alone.
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Growth advantage for microbes that disrupt host cytokinesis

We demonstrated that C. trachomatis can intercept Golgi-derived lipid markers much faster in
multinuclear cells than in mononuclear cells, indicating blockage of host cell cytokinesis could
confer additional growth advantage to C. trachomatis (Figure 5.2). In addition to lipids, C.
trachomatis also import host nucleic acids and amino acids from the host. Polyploid cells, like
the multinuclear cells induced by C. trachomatis infection do not initiate a second round of
DNA synthesis in the presence of functional p53 (Doherty et al., 2003; Andreassen et al., 2001;
Kaufmann et al., 1997, 2001). As a result, it is reasonable to speculate that the level of free
nucleic acids in host cells that are meant for host DNA synthesis will rise, which can allow
faster C. trachomatis acquisition of these important DNA precursors for bacterial growth. It will
be interesting to compare the rate of C. trachomatis DNA synthesis in mononuclear and
multinuclear cells. Naturally occurring polyploid cells, such as hepatocytes, are hypothesized to
have elevated protein synthesis by diverting energy from cell division and membrane synthesis
(Davoli and De Lange, 2011). However, it is unclear whether a similar host protein synthesis
enhancement, which will very likely reduce the levels of free amino acids for C. frachomatis to
import, is observed in multinuclear cells induced by C. trachomatis. It will be interesting to
compare the rates of C. trachomatis protein synthesis in mononuclear and multinuclear host
cells using AHA. In addition to C. trachomatis, Clostridium difficile, Clostridium limosum and
Pseudomonas aeruginosa can also disrupt host cytokinesis by inactivating RhoA through toxin
secretions into host cells (Huelsenbeck et al., 2009; Shafikhani and Engel, 2006). However,
unlike C. frachomatis, these bacteria are not intracellular and it is unlikely that they can gain
direct growth advantage from inducing host multinucleation (Madan and Jr, 2012). Host
cytokinesis disruption by C. difficile, C. limosum and P. aeruginosa may slow down the
epithelial wound repair process to allow additional spreading of the infection (Madan and Jr,

2012), which may also occur during C. trachomatis infection.
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Duplicated Golgi fragments

Figure 5.2 Increased Golgi content in multinuclear cells allows faster lipid acquisition by C.
trachomatis. Golgi content is increased in multinuclear cells and this allows faster lipid

acquisition by C. trachomatis.
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Tumorigenic potential of C. trachomatis-infected cells

Our studies have demonstrated that C. trachomatis induces significant host cell multinucleation
by disrupting host cell furrow ingression (Figure 5.3). A similar unilateral cleavage furrow
defect can be induced by entosis, a process where one cell engulfs another living cell in high-
grade tumors (Krajcovic et al., 2011). The host cell can still undergo mitosis after engulfing
another living cell, which resides in a vacuole within the host cell (Krajcovic et al., 2011;
Overholtzer et al., 2007). However, when the vacuole happens to be at the cell equator, a
unilateral cleavage furrow similar to the ones induced by C. trachomatis inclusion is frequently
observed (Krajcovic et al., 2011). Very similar to the C. trachomatis inclusion, the cell-in-cell
vacuole often prevents the accumulation of actomyosin filament and MT targeting to the
equatorial cortex nearby (Figure 5.3) (Krajcovic et al., 2011). In addition, when the cell-in-cell
vacuole is in the polar region of the cell, a bilateral furrow forms normally and cell division
successfully completes, while unilateral furrow ingression is often prevented from completing in
the presence of an equatorial vacuole very similar to what we see in C. trachomatis-infected
cells (Krajcovic et al., 2011). The frequency of the cell-in-cell vacuole has also been correlated
with tumor grades, with higher tumor grades (the more aggressive tumors) containing more cell-
in-cell vacuoles. Within the highest tumor grade (grade 3) included in the study, there are on
average approximately 5 cell-in-cell structures per 10 fields of view under 20x objective
(Krajcovic et al., 2011), which translates to a frequency of less than 2.5%. However, in the case
of C. trachomatis-infected cells, the frequency of equatorial inclusion that can cause the
unilateral cleavage furrow defect is approximately 95%. This suggests that C. trachomatis
inclusions have much higher potential to cause cytokinesis defects and subsequent aneuploidy
than entosis. Cells cured of C. trachomatis infection by antibiotics have been recently shown to
develop anchorage independent growth on soft agar, suggesting in vitro tumorigenic potential of

these cells (Knowlton et al., 2013).
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Figure 5.3 C. trachomatis inclusions disrupt bilateral furrow formation by preventing MT
targeting to the cell cortex. Both astral and central spindle MTs are prevented from reaching
equatorial cell cortex resulting in the lack of accumulation of furrow-inducing proteins on one

side of the cell.
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To confirm the tumorigenic effects due to cytokinesis failure, future studies should first confirm
that the infected multinuclear cells can survive C. trachomatis infection either through extrusion
of the inclusion or through antibiotic clearance, as many chlamydia patients are eventually
treated for their infection. Cells cured of C. trachomatis infection can be subjected to growth
rate and colony formation assays to confirm their in vitro tumorigenic potential. If cells cleared
of C. trachomatis infection show faster growth rate and form colonies in vitro, in vivo
tumorigenicity of these cells should be tested by xenografting them into nude mice and

monitoring tumor formation.

Our work has demonstrated that the obligate intracellular bacterium C. trachomatis actively
disrupts host cell cytokinesis to gain additional nutrient acquisition advantage. It will be
important to assess whether other intracellular bacteria have evolved parallel mechanisms to
disrupt host cell division in order to gain additional growth advantage. Moreover, it is crucial to
confirm the in vivo oncogenic effects of C. trachomatis infection to assist the medical
community make informed policy decisions on additional screening for re-malignant lesions in

chlamydia patients.
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ABSTRACT

Chlamydia trachomatis is an obligate intracellular bac-
terium responsible for one of the most common sexu-
ally transmitted diseases. In epithelial cells, C. tracho-
matis resides in a modified membrane-bound vacuole
known as an inclusion, which is isolated from the endo-
cytic pathway. However, the maturation process of C.
trachomatis within immune cells, such as macro-
phages, has not been studied extensively. Here, we
demonstrated that RAW macrophages effectively sup-
pressed C. trachomatis growth and prevented Golgi
stack disruption, a hallmark defect in epithelial cells af-
ter C. trachomatis infection. Next, we systematically
examined association between C. trachomatis and var-
ious endocytic pathway markers. Spinning disk confo-
cal time-lapse studies revealed significant and rapid
association between C. trachomatis with Rab7 and
LAMP1, markers of late endosomes and lysosomes.
Moreover, pretreatment with an inhibitor of lysosome
acidification led to significant increases in C. trachoma-
tis growth in macrophages. At later stages of infection,
C. trachomatis associated with the autophagy marker
LC3. TEM analysis confirmed that a significant portion
of C. trachomatis resided within double-membrane-
bound compartments, characteristic of autophago-
somes. Together, these results suggest that macro-
phages can suppress C. trachomatis growth by target-
ing it rapidly to lysosomes; moreover, autophagy is
activated at later stages of infection and targets signifi-
cant numbers of the invading bacteria, which may en-
hance subsequent chlamydial antigen presentation. J.
Leukoc. Biol. 92: 000-000; 2012.

Abbreviations: CIHR=Canadian Institutes of Health Research,
CPAF=chlamydial protease-like activity factor, DN=dominant-negative,
EB=elementary body, EEAT=early endosome antigen 1, HK=heat-killed,
hpi=hours postinfection, Inc=inclusion, LAMP1=lysosome-associated
membrane protein 1, LC3=microtubule-associated protein light chain 3,
mMTOR=mammalian target of rapamycin, RAW macrophage=RAW264.7
macrophage, RB=reticulate body, RFP=red flucrescent protein,
SPG=sucrose-phosphate-glutamate, TARP=translocated actin recruiting
phosphoprotein

Introduction

C. trachomatis is one of the most common causes of sexually
transmitted diseases in the world, which can lead to serious
complications, such as pelvic inflammatory disease, infertility,
and fatal ectopic pregnancy [1]. C. trachomatis is a gram-nega-
tive, obligate intracellular bacterium that is highly adapted to
live inside epithelial cells [1]. The life cycle of C. trachomatis
involves two phases: the extracellular, infectious yet dormant
form known as the EB and the intracellular, noninfectious re-
productive form known as the RB [2]. The EB has a diameter
of 0.2-0.4 wm and contains electron-dense nuclear material
and a rigid cell wall that is well-suited for extracellular survival
[3]. The size of a RB ranges from 0.5 to 1.0 um, and it has
less electron-dense nuclear material and a more flexible cell
wall than an EB [3]. Upon invasion into epithelial cells, the
EB differentiates into the noninfectious RB form and repli-
cates within a vacuolar structure called the inclusion. The RB
can differentiate back into the infectious EB form and lyse or
extrude from epithelial host cells for dissemination, 2-3 days
postinfection [4, 5].

Within the first 30 min of infection in epithelial cells,
markers from the host plasma membrane found on the C.
trachomatis inclusion are removed [6]. Host dynein motors
are then recruited to the inclusion to enable its movement
toward the microtubule-organizing center [7]. To facilitate
their replication process, host cell-derived lipids, including
sterols, sphingolipids, glycerophospholipids, sphingomyelin,
and cholesterol-rich vesicles from the Golgi, are intercepted
by the C. trachomatis inclusion [8, 9]. To maintain optimal
growth conditions within the host cell, C. trachomatis has
evolved the ability to disrupt various host cell processes. Re-
cent studies showed that C. trachomatis can secret CPAF to
cleave host Golgin84 and cause Golgi fragmentation, which
significantly enhanced its ability to capture Golgi-derived
lipids and bacterial replication [10, 11].

Among the various effector proteins produced by C. tracho-
matis, the Inc protein family has been suggested to act as the

The online version of this paper, found at www.jleukbio.org, includes
supplemental information.
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central regulators of bacteria—host interactions [12]. IncG can
recruit Rab6, Rabl1, and Rabl4 to the inclusion, which have
been suggested to play key roles in intercepting Golgi-derived
vesicles [13, 14]. Unlike the recruitment of exocytic Rabs to
Chlamydia inclusions, endocytic markers, such as EEA1 (early
endosomes), Rabb (early endosomes) and Rab7, and LAMP1
(late endosomes/lysosomes), are absent on the inclusions in
epithelial cells [4, 15]. Interestingly, Parachlamydia acantham-
oeba, a Chlamydia-like bacterium, resides in a compartment that
acquires EEA1, Rab7, and LAMP1 during its maturation in
macrophages [16]. However, in-depth examination of the in-
tracellular trafficking of C. trachomatis in immune cells, such as
macrophages, has not been performed to date.

Our study, using epifluorescence, spinning disk confocal,
and TEM, investigated the maturation process of C. trachomatis
inclusions in macrophages. We observed that in macrophages,
C. trachomatis EBs are rapidly targeted to lysosomes. Inhibition
of lysosomal acidification or disruption of Rab7 function in
macrophages led to a significant increase in C. trachomatis rep-
lication. During later stages of infection, some C. trachomatis
compartments were positive for the autophagy marker LC3;
moreover, EBs frequently resided in double-membrane-bound
vacuoles resembling autophagosomes. Together, our results
demonstrate that immune cells, such as macrophages, can
combat C. trachomatis infection using endocytic and autophagic
machineries.

MATERIALS AND METHODS

Cell line and reagents

RAW macrophages and Hela cells were purchased from American Type Cul-
ture Collection. (Manassas, VA, USA). DMEM and FBS were from Wisent (St.
Bruno, Quebec, Canada). FuGENE-HD was purchased from Roche Diagnostics
(Indianapolis, IN, USA). Rat (ID4B) and mouse (H4A3) anti-LAMP1 antibod-
ies were from Developmental Studies Hybridoma Bank (Iowa City, IA, USA).
GM130 antibody was from BD Biosciences (San Jose, CA, USA), Golgin84 anti-
body was from Abnova (Taipei City, Taiwan), phospho-mTOR (Ser2448) anti-
body was from Cell Signaling Technology (Danvers, MA, USA), and 4G10
phosphotyrosine antibody was from Millipore (Billerica, MA, USA). TARP and
Chlamydia antibodies were generous gifts from Dr. David Hackstadt (U.S. Na-
tional Institutes of Health/National Institute of Allergy and Infectious Diseases,
Hamilton, MT, USA). Cy2-, Cy3-, and Cy5-conjugated secondary antibodies
were from Jackson ImmunoResearch Laboratories (West Grove, PA, USA).
DRAQbD was from Cell Signaling Technology. LysoSensor Green and BODIPY
FL C5-ceramide were purchased from Life Technologies (Burlington, Ontario,
Canada). All other reagents were purchased from Sigma-Aldrich (Oakville,
Ontario, Canada).

Cell culture, transfection, and C. trachomatis infection

HelLa and RAW cells were cultured in DMEM containing 10% heat-inactivated
FBS. Primary human macrophages were derived from PBMCs, as described previ-
ously [17]. RAW, primary human macrophages, and HeLa cells were grown to
70-80% confluency in DMEM on coverslips at 37°C, supplied with 5% CO,. For
transient expression of constructs, cells were transfected using FuGENE-HD over-
night. DNA constructs used were: Rab5-GFP, Rabb S34N-GFP (DN), Rabb S34N-
mCherry (DN), Rab7-GFP, Rab7 T22N-GFP (DN), and LC3-GFP-RFP. Identity of
each construct was confirmed by sequencing.

C. trachomatis serovar L2 was propagated in HeLa cells and purified us-
ing a Gastrografin step gradient, as described previously [18]. The purified
EBs were stored as small aliquots in SPG buffer at —80°C until use. To gen-
erate DRAQb5-labeled EBs, aliquots of purified EBs were pooled together,
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and DRAQ5 was diluted in SPG buffer and incubated with purified EBs at
a final concentration of 1 uM for 10 min at room temperature in the dark.
The resulting DRAQbH-labeled EBs were stored in aliquots at —80°C until
use. To generate HK EBs, several purified EB aliquots were combined and
placed in an 80°C water bath for 50 min. The resulting HK EBs were
stored directly in small aliquots at —80°C or labeled with DRAQ5 for 10
min first and then stored at —80°C until use. Efficacy of the HK process
was assessed by infecting HeLa cells with HK EBs for 72 h, and no inclu-
sion was observed in the host cells (not shown).

For fixed studies, purified EBs were added to HeLa and RAW cells, and
infection was synchronized by centrifugation at 300 g for 15 min. Cells
were washed with PBS to remove unbound EBs. For live cell imaging ex-
periments, a 35-mm glass-bottom dish (MatTek, Ashland, MA, USA) could
not be centrifuged to synchronize infection as a result of the lack of appro-
priate adaptors. The infection was synchronized by removing culture media
from the dish and adding 30 ul fluorescently labeled EBs directly to the
cells for 1 min before adding culture media back. As a result of the low
volume of liquid present, many EBs attached to the host cells very quickly.
In experiments where different cell lines were compared, the same aliquots
of EBs were diluted and used to infect the different cell lines.

For overnight inhibition of lysosome acidification, RAW cells were pre-
treated with 4 nM bafilomycin Al (Sigma-Aldrich) for 1 h before infection
with C. trachomatis. Bafilomycin was kept in the culture media at 4 nM
throughout the infection until cells were fixed at 24 h.

Immunofluorescence

RAW cells, human macrophages, and HeLa cells were fixed with 4% PFA in
PBS for 20 min. Cells were first stained with rabbit anti-EB and Cy5-conjugated
anti-rabbit antibodies to label external EBs. Cells were permeabilized using
0.1% Triton X-100/PBS containing 100 mM glycine for 20 min. After permea-
bilization, cells were washed and blocked with 5% FBS for 1 h. Cells were then
incubated with primary antibodies in PBS with 1% FBS for 1 h. Primary anti-
body dilutions used were: EB (1:200), GM130 (1:200), and LAMP1 antibodies
ID4B (1:4) and H4A3 (1:50). All cells were stained with DAPI to visualize the
nucleus. Cells were washed and incubated with fluorescent secondary antibod-
ies, prior to mounting and imaging. Slides were imaged with point-scanning
confocal microscopy using an LSM 510 META confocal microscope (Carl
Zeiss, Thornwood, NY, USA), epifluorescence microscopy using an inverted
Axiovert 200 microscope (Carl Zeiss), or a WaveFX-X1 spinning disc confocal
(Quorum Technologies, Ontario, Canada).

Western blotting

HeLa and RAW cells were infected with EBs for indicated time-points be-

fore cell lysates were collected in RIPA buffer containing 50 mM Tris-HCI
(pH 8), 1% Nonidet P-40, 0.15 mM NaCl, 0.9% SDS, phosphatase inhibi-

tor, and protease inhibitor cocktails. Samples were run on SDS polyacryl-

amide gels before transferred onto nitrocellulose membranes and probed
with anti-TARP (1:1,000), anti-4G10 (1:1,000), anti-Golgin84 (1:1,000), or
anti-phospho-52448-mTOR antibody (1:1,000). HRP-conjugated secondary
antibody was added for 1 h, and signals were detected with chemilumines-
cent reagents (Thermo Scientific, Waltham, MA, USA). Blots were imaged
using Bio-Rad ChemiDoc XRS and analyzed with Image].

Live cell imaging

Early endosome (Rab5-GFP), late endosome, and lysosome (Rab7-GFP,
LAMPI1-GFP, or mCherry) and autophagosome (LC3-GFP-RFP) markers
were transfected overnight in RAW cells before live cell imaging. LysoSen-
sor Green was added to RAW cells at 1 uM for 1 min to label acidic com-
partments before the cells were washed twice with fresh media. Rapid time-
lapse imaging was carried out using WaveFX-X1 spinning disc confocal with
a stage-top incubation system creating a 37°C with 5% CO, environment.
Images were acquired every 800-900 ms using a Hamamatsu electron-mul-
tiplying charge-coupled device camera. For live ceramide trafficking experi-
ments, HeLLa and RAW cells were similarly infected with purified EBs for
24 h. BODIPY FL C5-ceramide complexed to BSA was incubated with in-
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fected cells at 5 uM concentration for 30 min. Cells were subsequently
washed three times to remove excess ceramide and imaged within 30 min.
The imaging microscope was controlled by MetaMorph, and movies were
edited using Volocity.

TEM analysis of autophagosome-EB interactions

After infecting RAW cells with live or HK EBs for 6 or 9 h, the cells were
fixed in 2% gluteraldehyde in 0.1 M Sorenson’s phosphate buffer, pH 7.2,
for 2 h. Cells were then postfixed in 1% osmium tetroxide, 1.25% potas-
sium ferrocyanide in sodium cacodylate buffer at room temperature for 45
min, stained for 30 min with 1% uranyl acetate in water, and then dehy-
drated and embedded in Epon resin. Approximately 70-80 nm sections
were collected onto copper grids and stained with uranyl acetate and lead
citrate. Sections were viewed using a Hitachi H-7500 transmission electron
microscope (Hitachi Canada, Mississauga, Ontario, Canada). Subcellular
compartments containing electron-dense EBs were quantified as autopha-
gosomes or autolysosomes/lysosomes. The quantification criteria for au-
tophagosomes and autolysosomes/lysosomes were defined previously [19].
Briefly, double-membrane-bound compartments containing undigested cy-
toplasmic materials were scored as autophagosomes, whereas single-mem-
brane-bound compartments containing cytoplasmic materials were scored
as autolysosomes,/lysosomes.

C. trachomatis growth assay

RAW and HelLa cells were infected with C. trachomatis EBs at a similar MOI
as described above. Host cells were scraped at 30 hpi, and lysates were
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stored at —80°C. The lysates from RAW and HeLa cells were used to rein-
fect a new culture of HeLa cells that had been grown to equal confluency.
Reinfected HeLa cells were fixed at 24 hpi, immunostained, and analyzed
by epifluorescence microscopy to quantify the growth of C. trachomatis in
macrophage and HeLa cells.

Statistical analysis and quantification

All experiments were repeated at least three times, and Student’s  test was used to
determine statistical significance. P < 0.05 was used as the significance cutoff. Syn-
chronized movements of overlapping EBs and subcellular compartment markers
in time-lapse movies were quantified as positive associations. However, if EBs and
fluorescent markers only overlapped in one frame throughout the time lapse, no
association was scored. For fluorescent ceramide trafficking quantifications, inclu-
sions containing C. trachomatis with visible ceramide decorating membrane of indi-
vidual bacterium were quantified as positive, whereas inclusions that were devoid
of bacteria with visible ceramide incorporation into chlamydial cell membrane
were quantified as negative.

RESULTS

Internalization rates of C. trachomatis are similar
between epithelial cells and macrophages

To first determine if macrophages internalized C. trachomatis
differently than epithelial cells, we compared the rates of bac-

B Activated (IFN-y/LPS)

Figure 1. Internalization of C. trachomatis EBs is similar
among resting, activated RAW macrophages, and HeLa cells.
(A) Quantification of the percentage of EBs internalized in
resting, activated (IFN-y- and LPS-stimulated) RAW macro-
phages, and Hel.a cells over time. Cells were fixed and immu-
nostained for external and total EBs before imaging with an
epifluorescence microscope. Error bars indicate seM from
three independent experiments (7>30/experiment). (B)
Phospho-TARP was visualized using total TARP (left) and
4G10 anti-phosphotyrosine antibodies (right) on replicate
blots. Actin was used as a loading control. HeLa and RAW
cells were infected for 30 min at MOIs of 200 before lysates
were taken. TARP was phosphorylated to the same extent in
C. trachomatisinfected (Inf) HelLa and RAW cells (arrows),
compared with uninfected controls (Con), suggesting Chia-
mydia could induce its own uptake into HeLa and RAW cells.
At least three independent experiments were performed, and
a representative blot is shown.
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teria uptake between the two cell types. HeLa (epithelial) and
RAW (macrophage) cells were infected with C. trachomatis EBs
at identical MOIs. Cells were fixed at various time intervals
over a 24-h period and immunostained for intracellular and
extracellular bacteria. In infected macrophages, many EBs
were bound on the surface within the 1st h, with >60% inter-
nalized 3 hpi and >75% by 6 hpi (Fig. 1A). The rate of inter-
nalization of C. trachomatis EBs in HeLa cells closely mirrored
that of RAW cells (Fig. 1A). Exposure of macrophages to
IFN-y and LPS induces potent, classical activation of macro-
phages, which up-regulates antimicrobial activities in macro-
phages, including enhanced binding, phagocytosis, and clear-
ance of microbes [20-25]. Surprisingly, infection of LPS and
IFN-y-activated macrophages also exhibited a similar rate of
EB internalization to that of resting macrophages and HelLa
cells (Fig. 1A). To confirm that C. trachomatis induced its own
uptake in HelLa and RAW cells, we measured the levels of
phospho-TARP, a key bacterial effector protein involved in EB

Figure 2. Disruption of host cell A
Golgi apparatus by C. trachomatis
occurs in HeLa cells but not in
RAW and primary human MDMs.
(A) Immunofluorescence images
of EBs (green) and the Golgi pro-
tein GM130 (red) in Chlamydia-
infected HeLa, RAW, and human
MDMs at 24 hpi. An uninfected
human MDM is shown in the inset
to demonstrate the naturally dis-
persed Golgi phenotype in these
cells. Arrows indicate the recruit-

HelLa

vy)

ment of Golgi stacks around the o
100

RAW
C
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internalization [26]. TARP becomes activated when it is phos-
phorylated after being injected into the host cytosol [26-28].
As a result of the lack of phospho-specific TARP antibody,
phospho-TARP was detected using duplicate blots of total
TARP and 4G10 antiphosphotyrosine antibodies, as carried out
by previous studies [26-29]. Similar levels of phospho-TARP
were detected in HeLa and RAW cells (Fig. 1B). Together,
these results suggested that C. trachomatis was internalized into
macrophages at a similar rate as in epithelial cells.

Golgi stacks are recruited to C. trachomatis inclusions
in epithelial cells but not in macrophages

We next investigated the nature of the intracellular C. tracho-
matis compartments in macrophages. In epithelial cells, Chla-
mydia inclusions subvert Golgi-derived vesicles and manipulate
the Golgi architecture [8-10]. RAW and HeLa cells were in-
fected with C. trachomatis EBs for 24 h and then fixed and im-
munostained for Chlamydia and GM130 to demarcate the
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much lower in RAW cells whose Golgi ceramide signal was still pronounced. (E) Only 7% of large inclusions in RAW cells were able to co-opt cer-
amide to the same extent as inclusions in HeLa cells, whereas 100% of inclusions in HeLa cells obtained bright ceramide signals (n>60/experi-
ment for RAW cells and n>70/experiment for HeLa cells). Error bars represent sEM from three independent experiments. *P < 0.05. Original

scale bars = 10 um.
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Golgi. In HeLa cells, GM130-positive Golgi stacks closely sur-
rounded the inclusions and were displaced from their normal
perinuclear localization. Less than 10% of HeLa cells showed
normal, intact Golgi at 24 hpi (Fig. 2A and B). In contrast,
>90% of infected RAW cells had normal, intact perinuclear
Golgi staining at 24 hpi, even in the rare cells that contained
large inclusions (Fig. 2A and B). Interestingly, Golgi distribu-
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tion was not altered after C. trachomatis infection in human
MDMs. Similar to RAW cells, >90% of Chlamydiainfected hu-
man macrophages showed normal Golgi distribution (Fig. 2A
and B). Golgi morphology was intact in all uninfected Hel.a,
RAW, and MDM cells (data not shown). Consistent with this
observation, cleavage of Golgin84, which leads to Golgi stack
disruption in epithelial cells [10], occurred in Hela but not in
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Figure 3. C. trachomatis EBs are targeted rapidly to lysosomes in infected RAW macrophages. (A) Purified EBs were labeled with DRAQ5 and
added to RAW cells transfected with LAMP1-GFP. Spinning disk confocal time-lapse images were taken within the first 30 min of infection. The
majority of EBs associated with LAMPI-positive compartments. Numbers indicate seconds after start of imaging. Insets are magnifications of the
dotted regions, which outline various EBs that associate with LAMP1. (B) Acidic compartments in RAW cells were labeled with LysoSensor Green.
DRAQ5-labeled live or HK EBs were added to RAW cells, and short time-lapse movies were taken to quantify association between EBs and acidic
compartments. *P < 0.05, ¥*¥P < 0.001, and ***P < 0.0001, respectively (n>100/experiment for live and HK EBs). Error bars represent sem from
three independent experiments. (C) Epifluorescence images of RAW cells pretreated with bafilomycin Al for 1 h prior to infection, which was
carried out for 24 h in the presence of bafilomycin Al before fixation. Cells were stained for actin (green), EBs (red), and nuclei (blue). (D)
Quantification of fold increase of cells with large inclusions after bafilomycin treatment. *P < 0.05. Error bars represent SEm from three indepen-

dent experiments (7>1000/experiment). Original scale bars = 10 wm.
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RAW cells (Fig. 2C). To directly assess the ability of C. tracho-
matis inclusions to intercept Golgi-derived lipids, the traffick-
ing of fluorescent ceramide to Chlamydia inclusions was investi-
gated in infected HelLa and RAW cells. Whereas every Chla-
mydia inclusion was brightly labeled with ceramide in HeLa
cells, only a small number of large inclusions in RAW cells ob-
tained substantive ceramide signals (Fig. 2D and E). Together,
these results indicate that macrophages could prevent C. tra-
chomatis-induced Golgi disruption, which was correlated with
decreased Golgi-derived lipid interception.

C. trachomatis is rapidly targeted to lysosomes in
macrophages

As C. trachomatis was not able to efficiently modify the Golgi
in macrophages, we examined the maturation of this com-

A EB

Figure 4. C. trachomatis vacuoles
rarely associate with Rab5 in RAW
macrophages. (A) DRAQ5-labeled
EBs were used to infect RAW cells
transiently expressing Rab5-GFP,
and the cells were imaged live with
spinning disk confocal microscopy
within the first 30 min of infection.
Numbers indicate seconds after
start of imaging. Insets are magnifi-
cations of the dotted areas, which
outline different EBs not associat-
ing with Rabb. (B) The percent-
ages of live- or HK-fluorescent EBs
associating with Rab5-GFP were
quantified. Live and HK EBs rarely
associated with Rab5-GFP (n>100/
experiment for live and HK EBs).
Error bars represent SEM from
three independent experiments.
Original scale bar = 10 um.
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partment to see if it interacted with the endocytic organ-
elles. In epithelial cells, C. trachomatis EBs reside in vacuoles
that are isolated from the host cell’s endocytic machinery to
avoid fusion with lysosomes [4, 5, 15]. To investigate
whether a similar mechanism exists in macrophages, we
generated fluorescently labeled C. trachomatis EBs using a
DNA-binding dye, DRAQb5. We validated this technique by
determining the viability of these bacteria in HeLa cells.
First, we confirmed that most of the labeled EBs entered
HeLa cells by 8 hpi based on external EB staining (data not
shown). In addition, many large Chlamydia inclusions
formed in HeLa cells infected with these fluorescently la-
beled EBs at 24 hpi, suggesting the labeled EBs were still
viable (data not shown). RAW cells transfected with LAMP1-
GFP were infected with DRAQ5-labeled EBs and imaged
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within 30 min of infection. Surprisingly, many of the fluo-
rescent EBs associated and moved synchronously with
LAMPI1-GFP compartments (Fig. 3A and Supplemental
Movie 1) within the first 30 min of infection. To confirm
this result, we labeled acidic compartments in RAW cells
with LysoSensor Green and infected these cells with

A EB Rab7-GFP
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DRAQ5-labled live or HK EBs. Quantification of rapidly ac-
quired time-lapse images revealed that ~45% of live and
~40% of HK EBs associated with acidic compartments
within the first 30 min of infection. After 1 h of infection,
~95% of live and ~76% of HK EBs associated with acidic
compartments (Fig. 3B). Consistent with these results, when
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Figure 5. C. trachomatis vacuoles
frequently associate with Rab7-GFP
in macrophages. (A) DRAQb5-la-
beled EBs were used to infect RAW
cells expressing Rab7-GFP, and the
cells were imaged live with spin-
ning disk confocal microscopy
within 30 min of infection. Num-
bers indicate seconds after start of
imaging. Insets are magnifications
of the dotted areas, which outline
different EBs that associate with
Rab7. (B) The percentages of live-
or HK-fluorescent EBs associating
with Rab7-GFP were quantified.
Live and HK EBs frequently associ-
ated with Rab7-GFP. *P < 0.05
(n>100/experiment for live and
HK EBs). Error bars represent SEM
from three independent experi-
ments. Original scale bar = 10 um.
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we inhibited lysosome acidification with bafilomycin, there
was a fivefold increase in the number of large Chlamydia in-
clusions in RAW cells (Fig. 3C and D). These findings sug-
gested that C. trachomatis EBs were rapidly transported to
lysosomes, and their growth was suppressed significantly by
lysosomal acidification.

C. trachomatis compartments frequently associate with
Rab7 but not Rab5 in macrophages

As we observed a rapid targeting of fluorescent EBs to lyso-
somes, we next determined which of the Rab-GTPases were
involved in this process. Rabb directs compartments toward
fusion with early endosomes [30, 31], whereas Rab7 is critical
for late endosome/lysosome recruitment [30, 32]. Rab5-GFP
appeared as distinct vesicles in macrophages, as described pre-
viously [33] (Fig. 4A). Surprisingly, only <5% of live- or HK-
fluorescent EBs associated with Rabb-GFP, even within the first
30 min of infection (Fig. 4A and B and Supplemental Movie
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2). In contrast, 98% of live and 93% of HK DRAQ5-labeled
EBs associated with Rab7-GFP compartments in RAW macro-
phages within 30 min of infection (Fig. 5A and B and Supple-
mental Movie 3).

To confirm that Rabb did not play an important role in tar-
geting EBs to late endosomes and lysosomes, we cotransfected
RAW cells with Rab5-DN-mCherry [34, 35] and Rab7-GFP and
carried out infections with DRAQb5-labeled EBs. Time-lapse
imaging of these cells demonstrated that even after Rab5-DN
expression, >99% of live- and HK-fluorescent EBs still local-
ized to Rab7-GFP compartments within the first 30 min of in-
fection (Fig. 6A and B). Consistent with these findings, Rab5b-
DN-mCherry expression did not lead to significant changes in
the number of macrophages containing large C. trachomatis
inclusions at 24 hpi. To assess the functional role of Rab7 in
C. trachomatis trafficking in macrophages, Rab7-DN-GFP [36]
was transfected into RAW macrophages. Cells were fixed and
immunostained for EBs at 24 hpi. Expression of DN-Rab7 sig-
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Figure 6. Expression of DN Rab7, but not Rab5, leads to increased C. trachomatis replication in macrophages. (A) DRAQb5-labeled EBs were used
to infect RAW cells cotransfected with Rab5-DN-mCherry (inset, red) and Rab7-GFP. Cells were imaged live with spinning disk confocal micros-
copy within 30 min of infection. Numbers indicate seconds after start of imaging. Insets are magnifications of the dotted areas, which outline dif-
ferent EBs that associate with Rab7. (B) The percentages of live- or HK-fluorescent EBs associating with Rab7-GFP were quantified. Live and HK
EBs associated very frequently with Rab7-GFP in cells expressing Rab5-DN-mCherry (n>100/experiment for live and HK EBs). Error bars repre-
sent SEM from three independent experiments. (C) Quantification of the percentage of infected RAW cells with large inclusions after transfection
with Rab5-DN-mCherry. Error bars represent seM from three independent experiments (n>30/experiment). (D) Expression of Rab7-DN-GFP
caused a slight yet significant increase in the percentages of RAW cells with large inclusions. *P < 0.05. (E) Spinning disk confocal images of im-
munostained cells demonstrated that large C. trachomatis inclusions in control and cells expressing Rab7-DN-GFP (inset, green) did not associate

with LAMP1. Original scale bars = 10 wm.
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nificantly increased the number of RAW cells containing large
inclusions compared with nontransfected cells (Fig. 6D); more-
over, spinning disk confocal and line-intensity profile analysis
revealed that large inclusions in untransfected and cells ex-
pressing Rab7-DN-GFP did not colocalize with LAMP1 (Fig.
6E). These results suggested that the recruitment of late endo-
somes/lysosomes to C. trachomatis inclusions was critical for
limiting the growth of C. trachomatis in macrophages.

C. trachomatis associates with the autophagy marker
LC3 in macrophages

Autophagy is an intracellular process that enables the host cell
to recycle intracellular components and can provide protec-
tion against pathogens [37, 38]. LC3 is the most commonly
used marker for autophagosomes in microscopy studies [39].
To determine whether autophagy plays a role in C. trachomatis
vacuole trafficking in macrophages, we transfected RAW cells
with LC3-GFP, followed by infection with DRAQb5-labeled EBs.
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Cells were imaged live with spinning disk confocal at various
times after infection. We observed a small fraction of live-fluo-
rescent EBs that associated with LC3-GFP in macrophages, and
this fraction of EBs increased significantly by 8 hpi (Fig. 7A
and B and Supplemental Movie 4). As autophagosomes fuse
with lysosomes, LC3-GFP signal is destroyed as a result of deg-
radation [40, 41]. Consistent with these results, when we
blocked acidification of lysosomes with bafilomycin for 3 h to
protect LC3-GFP signal from degradation, the percentage of
live-fluorescent EBs associating with LC3-GFP increased signifi-
cantly to almost 50% (Fig. 7C).

To confirm the LC3-GFP association results at a higher reso-
lution, the same experiments were performed, and the sam-
ples were examined using TEM. C. trachomatis EBs were identi-
fied by TEM using previously established ultrastructural char-
acteristics of the bacteria [42]. In macrophages, live and HK
EBs were observed routinely in large, double-membrane-
bound, multivesicle-containing compartments (Fig. 8A), indica-

Merge

Figure 7. C. trachomatis compart-
ments associate with autophagy
marker LC3 in macrophages. (A)
RAW cells transfected with LC3-
GFP were infected with DRAQb5-
labeled EBs, and spinning disk
confocal time-lapse images were
taken 8 hpi. Numbers indicate sec-
onds after start of imaging. Insets
are magnifications of the dotted
areas. (B) The numbers of live- or
HK-fluorescent EBs associating
with LC3-GFP at various times after
infection were quantified (n>90/
experiment for live and HK EBs).
(C) Bafilomycin was added to in-
fected RAW cells at 5 hpi and incu-
bated with the cells for 3 h at the
concentration of 400 nM. Spinning
disk confocal time-lapse images
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Figure 8. Interaction between autophagosomes and lysosomes
with C. trachomatis EBs in RAW macrophages. (A) TEM im-
ages of EB (asterisks) inside an autophagosome (left panel)
or a lysosome/autolysosome (right panel) in RAW macro-
phages. Original scale bars = 100 nm. (B) The numbers of
live or HK EBs in autophagosomes or lysosomes at 6 and 9
hpi were quantified using TEM images. (C) Western blot of
HeLa and RAW cell lysates infected with C. trachomatis over a
9-h period showed that phospho-52448 mTOR levels de-
creased in RAW but not in HelLa cells. GAPDH was used as
the loading control. Three independent experiments were
carried out, and representative blots are shown.

p-mTOR 2448 [ e s =

tive of autophagosomes [43]. In addition, >97% of live and
HK EBs were found in autophagosomes or autolysosome/lyso-
somes at 6 and 9 hpi (Fig. 8B). To determine how autophagy
is regulated in response to C. trachomatis infection in macro-
phages, we examined the levels of phospho-mTOR (S2448), an
endogenous negative regulator of autophagy [44]. The levels
of phospho-mTOR (S2448) did not decrease significantly over
time in HeLa cells following C. trachomatis infection (Fig. 8C),
whereas this repressor of autophagy started to decrease 6 hpi
in macrophages (Fig. 8C). These results suggested that au-
tophagy was turned on in macrophages but not in epithelial
cells following C. trachomatis infection through down-regulation
of active mTOR.

The replication rate of C. trachomatis in macrophages
is slower than that in epithelial cells

As we observed a very frequent association between Chlamydia
and lysosomes and autophagosomes, we examined whether
this cellular trafficking affected C. trachomatis replication in
macrophages. Throughout our analyses, we consistently ob-
served reduced formation of large inclusions in infected RAW
cells, compared with HeLa cells (Fig. 9A and B). To further
validate this notion, the number of infectious C. trachomatis
progenies in RAW macrophages was compared with that in
HeLa cells using a reinfection assay. The number of large in-
clusions generated after reinfection of new HeLa cells was
used as a measure of C. trachomatis growth. The lysate from
infected HeLa cells led to the formation of large inclusions in
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~35% of the new HeLa culture, whereas only 2-3% of the
new Hela culture formed large inclusions when infected with
the RAW lysate (Fig. 9B and C). Together, these results indi-
cated that macrophages could significantly restrict C. trachoma-
tis replication by targeting these bacteria to degradative organ-
elles.

DISCUSSION

Extensive research has demonstrated that C. trachomatis manip-
ulates epithelial cells to evade the endocytic pathway, which
may promote its replication [4, 15]. We focused our study on
the less-known trafficking pathway of C. trachomatis in macro-
phages. Our results demonstrated that Chlamydia replication
was hindered significantly in macrophages compared with epi-
thelial cells. We observed very similar rates of internalization
of Chlamydia in both cell types, and the internalization rate
is independent of the activation state of the macrophages.
Moreover, based on comparable internalization kinetics and
phospho-TARP levels, it is likely that C. trachomatis could
induce its own uptake into macrophages similar to epithe-
lial cells [45, 46].

Once inside the macrophage, C. trachomatis inclusions
showed several notable differences from inclusions in epithe-
lial cells. Unlike the striking redistribution of Golgi stacks in
HeLa cells [8, 9], this organelle remained intact after C. tracho-
matis infection in murine and primary human macrophages.
Recent studies have demonstrated that C. {rachomatis can se-
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crete CPAF and cause the cleavage of Golgin84 to disrupt
Golgi stacks in epithelial cells [10, 11]. This Golgi disruption
does not occur to a significant degree in macrophages, as
there was no detectable level of Golgin84 cleavage products in
these cells. Moreover, the efficiency of C. trachomatis inclusions
to capture Golgi-derived lipids, as measured by fluorescent cer-
amide trafficking, is reduced significantly in macrophages,
consistent with the notion that Golgi fragmentation is impor-
tant for efficient interception of lipids from the Golgi [10, 11].
We used the readily transfectable RAW cells to characterize
the trafficking of C. trachomatis in macrophages. Whereas C.
trachomatis inclusions in epithelial cells are devoid of known
endocytic markers, such as EEA1, Rab7, and LAMP1 [4, 5, 15],
we observed >98% association between lysosome markers
LAMPI and C. trachomatis EBs within the first 30 min of infec-
tion using spinning disk confocal live cell imaging. Close to
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Figure 9. Development of C. trachomatis inclusions are sup-
pressed significantly in RAW macrophages compared with
HeLa cells. (A) Large inclusions often formed in Chlamydia-
infected HeLa but not RAW cells at 24 hpi. Cells were immu-
nostained for Golgi (red), EB (green), and nuclei (blue) and
imaged using an epifluorescent microscope. (B) The percent-
ages of Hel.a and RAW cells with large inclusions at 24 hpi
were quantified. (C) Confocal images of HelLa cells infected
with C. trachomatisinfected HeLLa or RAW lysates. Cells were
immunostained for actin (green) and inclusions (red). (D)
Quantification of the reinfection assay demonstrated that
HelLa lysates contained much more infectious Chlamydia than
RAW lysates at 30 hpi. *P < 0.05; **P < 0.01. Error bars rep-
resent SEM from three independent experiments (7>100/
experiment). Original scale bars = 10 wm.

97% of fluorescent EBs associated with acidic compartments
labeled by LysoSensor Green. Moreover, bafilomycin treatment
increased the formation of large inclusions in RAW cells by
more than fivefold, suggesting the acidification of lysosomes is
important for limiting the C. trachomatis growth. These results
are consistent with the notion that RAW cells can rapidly de-
tect and target invading C. trachomatis EBs to lysosomes, which
would suppress the bacterial growth through acidification. As
>95% of C. trachomatis EBs were trafficked into the lysosomes
where their development was compromised severely, they
likely do not survive long enough to activate bacterial effectors
required for Golgin84 cleavage. Thus, lysosome targeting and
bacterial destruction appear to block the pathway of Golgi tar-
geting and ceramide interception in macrophages.

We also observed association of C. trachomatis EBs with Rab7
but not with Rabb in macrophages using live cell imaging.
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This is very unique compared with the canonical trafficking of
internalized particles in macrophages [47]. Despite using very
rapid spinning disk confocal imaging, we still could not cap-
ture significant association between Rabb5-GFP and C. trachoma-
tis EBs. Whereas it is possible that Rabb associates with C. tra-
chomatis so transiently or at such low levels that our live cell
imaging was not sensitive enough to capture this event, it is
also possible that Rabb is not involved in the trafficking of C.
trachomatis EBs in macrophages. Unlike our Rab7-DN-GFP find-
ings, DN Rabb failed to enhance the growth rate and forma-
tion of large inclusions in macrophages. Moreover, >99% of
fluorescent EBs were still trafficked into Rab7-GFP compart-
ments, even after the expression of Rab5-DN-mCherry. These
results suggest that Rabb is not essential in the trafficking of C.
trachomatis to lysosomes in macrophages. HK C. trachomatis EBs
also showed negligible Rab5b recruitment and strong Rab7/
lysosome recruitment, although at lower levels compared with
live bacteria, which is possibly attributed to a slower internal-
ization rate.

As autophagy has been demonstrated to play an important
role in controlling microbial infection [37, 48], we next exam-
ined whether C. trachomatis EBs associated with autophagic
structures at later stages of infection. With the use of live cell
imaging, we observed a significant increase in LC3-GFP associ-
ation for fluorescently labeled EBs at 8 hpi. Moreover, this as-
sociation was enhanced dramatically when acidification of lyso-
somes was inhibited with bafilomycin to protect the GFP sig-
nal. Consistent with the fluorescent imaging results, we
observed that ~30% of C. trachomatis EBs resided within dou-
ble-membrane-bound, multivesicular body-containing compart-
ments characteristic of autophagosomes using TEM at 6 and 9
hpi [43]. Accordingly, we observed a decreased activation level
of the repressor of autophagy, mTOR, at these later stages of
C. trachomatis infection. Together, these results indicate that
macrophages not only rapidly target invading C. trachomatis
EBs into lysosomes during early infection but also elevate their
autophagy levels at later stages of the infection through down-
regulation of mTOR activity. More than 95% of EBs were tar-
geted into lysosomes and almost 50% of C. trachomatis associ-
ated with LC3-GFP after 3 h of bafilomycin treatment at 8 hpi.
These numbers suggest that a significant portion of EBs traf-
ficked into lysosomes is targeted again by autophagy. As C. tra-
chomatis EBs were already within acidic lysosomes in the 1st h
of infection, it is unlikely that a later, second round of lyso-
somal targeting through autophagy could further enhance bac-
terial degradation. As the level of the autophagy repressor,
phospho-mTOR 52448, only decreased 6 hpi, it is very likely
that instead of being involved in the early trafficking of C. tra-
chomatis EBs, autophagy plays a role in the subsequent process-
ing of this bacterium. Numerous studies have demonstrated
that autophagy can enhance pathogen antigen presentation by
macrophages (reviewed in ref. [49]). A recent study showed
that the efficacy of Mycobacterium tuberculosis vaccine is en-
hanced by elevated autophagy levels [50]; therefore, it will be
interesting to explore whether autophagy can similarly im-
prove vaccines against C. trachomatis.
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