JG|u p—4
=
oraee O TENBERS e PaulEnrlich-Institut

Chlamydiae host cell interaction

and immune evasion strategies

Dissertation

zur Erlangung des Grades

Doktor der Naturwissenschaften

am Fachbereich Biologie

der Johannes Gutenberg-Universitat Mainz

Susi Kramer
geb. am 15.08.1986 in Kehl am Rhein

Mainz, 2015






,Diese Publikation ist urheberrechtlich geschitzt. Vervielfaltigungen jeder Art, zur Schau
stellen oder andere Verwendungen sind nur nach Absprache mit der Abteilung Immunologie

des Paul-Ehrlich-Instituts zulassig.®

Dekan

1. Berichterstatter

2. Berichterstatter

Tag der miundlichen Priufung: 24. Juli 2015






During this thesis the obtained research data and collaborative studies led to the following
publications:

Kramer S, Crauwels P, Bohn R, Radzimski C, Szaszak M, Klinger M, Rupp J, van
Zandbergen G. 2015. AP-1 transcription factor serves as a molecular switch between
Chlamydia pneumoniae replication and persistence. Infect Immun 83:2651-2660. PMID:
25895972

Peter Crauwels, Rebecca Bohn, Meike Thomas, Stefan Gottwalt, Florian Jackel,
Susi Kramer, Elena Bank, Stefan Tenzer, Paul Walther, Max Bastian & Ger van Zandbergen
(2015) Apoptotic-like Leishmania exploit the host’s autophagy machinery to reduce T-cell-
mediated parasite elimination, Autophagy, 11:2, 285-297 PMID: 25801301






Summary

Chlamydiae are obligate intracellular bacteria with a strong global prevalence. They cause
infections of the eye, lung and the genital tract and can either replicate in inclusion
compartments or persist inside their host cell. In this thesis we focused on two aspects of
chlamydiae infection. We hypothesize that transcription factor AP-1 is crucial for a replicative
chlamydiae infection in epithelial cells. In addition we suggest that chlamydiae hide inside
apoptotic blebs for a silent uptake by macrophages as immune evasion strategy.

Focusing on AP-1, we could demonstrate that during Chlamydia pneumoniae infection,
protein expression and phosphorylation of the AP-1 family member c-Jun significantly
increased in a time and dose dependent manner. A siRNA knockdown of c-Jun in HEp-2
cells reduced chlamydial load, resulting in smaller inclusions and a significant lower
chlamydial recovery. Furthermore, inhibition of the c-Jun containing AP-1 complexes, using
Tanshinone IIA, changed the replicative infection into a persistent phenotype, characterized
by (i) smaller, aberrant inclusions, (ii) a strong decrease in chlamydial load, as well as by
(iii) its reversibility after removal of Tanshinone IIA. As chlamydiae are energy parasites, we
investigated whether Tanshinone IIA interferes with energy/metabolism related processes.
A role for autophagy or gene expression of glut-1 and c-jun in persistence could not be
determined. However we could demonstrate Tanshinone IlA treatment to be accompanied by
a significant decrease of ATP levels, probably causing a chlamydiae persistent phenotype.

Regarding the chlamydial interaction with human primary cells we characterized infection of
different chlamydiae species in either pro-inflammatory (type 1) or anti-inflammatory (type 1)
human monocyte derived macrophages (hMDM). We found both phenotypes to be
susceptible to chlamydiae infection. Furthermore, we observed that upon
Chlamydia trachomatis and GFP-expressing Chlamydia trachomatis infection more
hMDM type Il were infected. However the chlamydial load was higher in hMDM type | and
correspondingly, more replicative-like inclusions were found in this phenotype. Next, we
focused on the chlamydial transfer using a combination of high speed live cell imaging and
GFP-expressing Chlamydia trachomatis for optimal visualization. Thereby, we could
successfully visualize the formation of apoptotic, chlamydiae-containing blebs and the
interaction of hMDM with these blebs. Moreover, we observed the development of a

replicative infection in hMDM.

In conclusion, we demonstrated a crucial role of AP-1 for C. pneumoniae development and
preliminary time lapse data suggest that chlamydiae can be transferred to hMDMs via
apoptotic blebs. In all, these data may contribute to a better understanding of chlamydial

infection processes in humans.






Zusammenfassung

Chlamydien sind obligat intrazellulare Bakterien, welche Infektionen der Schleimhaute im
Augen-, Atemwegs- und Genitalbereich hervorrufen kdnnen. Die Vermehrung der
Chlamydien erfolgt in einem membranumhillten Kompartiment, der sogenannten Inklusion.
Alternativ kdnnen Chlamydien auch in ihren Wirtszellen persistieren. Der vorliegenden Arbeit
lagen zwei zentrale Hypothesen zugrunde und befasst sich daher mit zwei Aspekten der
Chlamydien-Infektion. Im ersten Teil dieser Arbeit untersuchen wir die Rolle des
Transkriptionsfaktors AP-1 fur die Chlamydien-Infektion in Epithelzellen, da wir annehmen
das AP-1 von zentraler Bedeutung fur die Vermehrung der Chlamydien in Epithelzellen ist.
Im zweiten Teil dieser Arbeit liegt der Fokus auf der Infektion und dem Transfer von
Chlamydien in humane Makrophagen, da wir davon ausgehen, dass sich Chlamydien in
apoptotischen Blebs verstecken, um unbemerkt von Makrophagen aufgenommen zu werden.

Beziglich der Rolle des Transkriptionsfaktors AP-1 fir die Entwicklung der Chlamydien-
Infektion in Epithelzellen konnten wir zeigen, dass die Expression und Phosphorylierung der
AP-1 Komponente c-Jun wahrend der Infektion mit Chlamydia pneumoniae zeit- und
dosis-abhangig erhoht wird. Ein c-Jun spezifischer siRNA-Knockdown in HEp-2 Zellen
reduzierte die Chlamydienlast, fiihrte zu kleineren Inklusionen sowie einer signifikant
verringerten Wiederanzucht. Durch Tanshinone A, einem spezifischen AP-1 (c-Jun/c-Fos)
Inhibitor, wurde eine persistente Chlamydien-Infektion induziert. Die persistente Infektion war
durch kleine, atypische Inklusionen und eine drastische Abnahme der Chlamydienlast
gekennzeichnet, was durch Entfernen des Stimulus wieder umkehrbar war. Da Chlamydien
als Energieparasiten gelten, wurden mégliche Auswirkungen der Tanshinone IIA-Behandlung
auf den Energiestoffwechsel der Wirtszelle untersucht. Eine Beteiligung von Autophagie oder
eine Beeinflussung von den AP-1 Zielgenen glut-1 und c-Jun konnte nicht festgestellt
werden. Allerdings fuhrte die Tanshinone lIA-Behandlung zu einer signifikanten Abnahme

des ATP-Gehalts, was vermutlich die persistente Chlamydien-Infektion bedingt.

In Bezug auf die Interaktion von Chlamydien mit humanen Makrophagen wurde die Infektion
verschiedener Chlamydien-Spezies in pro- und anti-inflammatorischen humanen
Makrophagen charakterisiert. Dabei zeigte sich, dass beide Makrophagen-Phanotypen mit
Chlamydien infiziert werden konnten. Interessanterweise war eine groere Anzahl anti-
inflammatorischer Makrophagen mit Chlamydia trachomatis (Wildtyp oder eGFP) infiziert,
obwohl eine hohere Chlamydienlast sowie mehr replikative Inklusionen in pro-
inflammatorischen Makrophagen gefunden wurden. Der Chlamydien-Transfer wurde mittels
Live Cell Imaging untersucht, wobei GFP-exprimierende Chlamydien zur optimalen
Visualisierung genutzt wurden. Dabei konnten wir die Entstehung von apoptotischen,
Chlamydien beinhaltenden Blebs beobachten, mit welchen die Makrophagen interagierten.



Zudem war es uns mdglich, die Entwicklung einer replikativen Infektion in Makrophagen in

Echtzeit zu verfolgen.

Zusammenfassend kénnen wir eine wichtige Rolle des Transkriptionsfaktors AP-1 fur die
Entwicklung der Chlamydien-Infektion von Chlamydia pneumoniae in Epithelzellen
nachweisen. Vorlaufige mikroskopische Echtzeitaufnahmen deuten an, dass Chlamydien in
apoptotischen Blebs von Makrophagen aufgenommen werden kdnnen, was somit einen
maoglichen Transfermechanismus der Chlamydien darstellt. Die hier vorliegenden Ergebnisse
kénnen zu einem besseren Verstandnis in Bezug auf die Infektion von Chlamydien im

Menschen beitragen.
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Introduction

1 Introduction

1.1 Chlamydiae

Chlamydiae are gram-negative, obligate intracellular bacteria with a unigque biphasic
development cycle and a strong global prevalence (AbdelRahman and Belland, 2005). First
hints for chlamydiae infections have already been given in the Ebers papyrus, one of the
oldest existing medical texts dating to 1550 BC (Ebers, 1875). For a long time chlamydiae
were considered to be viruses as a result of their obligate intracellular lifecycle and their
small size (Wang, 1999). In the 1960s however, they were finally identified as bacteria.
Chlamydiae occur both as animal pathogens as well as human pathogens and cause a
number of different diseases like infections of the eye, lung and the genital tract (Peeling and
Brunham, 1996). Currently the most important human pathogenic species are
Chlamydia pneumoniae and Chlamydia trachomatis.

1.2 Taxonomy

Based on their characteristic biphasic lifecycle chlamydiae are grouped in their own order,
Chlamydiales, which consists of the families Parachlamydiaecae, Waddliaecae,
Simkaniaceae and Chlamydiaceae (Everett et al.,, 1999). The representatives of the
Parachlamydiaceae, Waddliaceae and Simkaniaceae live as symbionts in amoebae (Amann
et al., 1997; Fritsche et al., 2000; Horn et al., 2000). In contrast, the family Chlamydiaceae is
the only family which includes human pathogens in addition to animal pathogens (Amann et
al., 1997; Bush and Everett, 2001; Everett et al., 1999; Ossewaarde and Meijer, 1999). In
2001 the family Chlamydiaceae was divided in two genera, Chlamydia and Chlamydophila,
based on the analysis of the 16S rRNA and 23S rRNA (Figure 1 A, Bush and Everett, 2001;
Everett et al., 1999). To the genus Chlamydia belong the species Chlamydia trachomatis,
Chlamydia suis and Chlamydia muridarum. The genus Chlamydophila consists of the
species Chlamydophila psittaci, Chlamydophila abortus, Chlamydophila felis, Chlamydophila
caviae, Chlamydophila pecorum and Chlamydophila pneumoniae. However, this division of
the family Chlamydiaceae into two subgenera was not accepted by large parts of the
research community because the proposed classification was based on relatively small
differences of the 16S rRNA and did not consider the biological relevance of the organisms
(Schachter et al., 2006). Therefore in 2009 it was supposed to reunite the genera again and
just use the single genus Chlamydia (Figure 1 B; Stephens et al., 2009). Until now, no

consensus was found on the question of how to classify the chlamydiae. Thus, in
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publications both ways of notation can be found. This thesis adheres to the taxonomy
according to Stephens et al. so consequently the terms Chlamydia pneumoniae and

Chlamydia trachomatis were used (Stephens et al., 2009).

class order family genus/species typical host
E C. felis cats C. felis
C. caviae guineapigs | B GEVEE
Chlamydiophila C. psittaci birds
Chlamydiaceae C. abortus mammals C C. psittaci
C. pecorum mammals
_E F Chlamydia C. abortus
C. pneumoniae humans
C. pecorum
C. trachomatis humans
Chlamydia C. pneumoniae
— C. muridarium mice, hamsters
Chlamydiales ) . C. trachomatis
e C. sUiS swine
C. muridarium
Parachlamydiaceae

P. acanthamoebae
Waddliaceae

W. chondrophila

Simkaniaceae

S. negevensis

Figure 1: Taxonomy of chlamydiae. Schematic representation of the phylogenetic tree and taxonomy of A) the
order Chlamydiaceae divided in the two genera Chlamydia and Chlamydophila based on Everett et al. (Everett et
al., 1999) and B) the phylogenetic tree of Chlamydiaceae according to Stephens et al. (Stephens et al., 2009) in
whose system all species are united in the genus Chlamydia. The length of the lines is arbitrary and does not
represent phylogenetic distances.

1.3 Pathogenesis and disease

In  humans, three different species are known to cause disease, namely
Chlamydia pneumoniae and Chlamydia trachomatis, which represent the most common ones

and Chlamydia psittaci, which preferentially infect birds (Beeckman and Vanrompay, 2009).

1.3.1 Chlamydia pneumoniae

Chlamydia pneumoniae (C. pneumoniae) is an airborne pathogen that infects the respiratory
epithelia causing acute and chronic infections of the respiratory tract. Seropositivity in most
adult populations ranges from 60% to 90% indicating the high worldwide prevalence of
C. pneumoniae (Koh et al., 2002). The majority of primary infections proceeds asymptomatic
and mostly takes place in adolescence. Up to the age of 20 years, almost 70% of all adults
are seropositive for C. pneumoniae (Krull et al., 2005). Lethal infections are rare and occur
predominantly in elder and immune-suppressed patients. Since both the upper and the lower
respiratory tract can be affected, the infection manifests itself in various diseases such as

pharyngitis, sinusitis, bronchitis and pneumonia (Campbell and Kuo, 2009; Grayston et al.,
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1993; Peeling and Brunham, 1996). C. pneumoniae infection is a major cause of community-
acquired pneumonias (CAP) (Grayston, 1992; Kuo et al., 1995; Wreghitt, 1993). An
unresolved, persistent C. pneumoniae infection is discussed to contribute to the pathological
process of chronic inflammatory lung diseases (Blasi et al., 1993; Hahn et al.,, 1991).
Furthermore, C. pneumoniae infection has also been associated with bronchial asthma and
chronic obstructive pulmonary disease (COPD), the two most common chronic respiratory
diseases in man (Droemann et al., 2007; Hahn, 2004; Von Hertzen et al., 1997; Ouellette et
al.; 2004, Watson and Alp, 2008). As viable chlamydiae have been cultivated from
atherosclerotic plaques and cerebrospinal fluid, C.pneumoniae also was associated with
several non-respiratory diseases, such as coronary heart disease, multiple sclerosis, and
Alzheimer’s disease (Fainardi et al., 2008; Hahn; 2004, Ouellette et al. 2004; Palikhe et al.,
2008; Sessa et al., 2007; Tang et al., 2009; Watson and Alp, 2008). However the role of
C. pneumoniae in these diseases is still controversially discussed.

1.3.2 Chlamydia trachomatis

Chlamydia trachomatis (C. trachomatis) causes infections of the epithelial of the eyes and
the genital tract and is, with approximately 90 million new infections per year, among the
most common sexually transmitted bacterial pathogens worldwide (Brunham and Rey-
Ladino, 2005; WHO, 2011). C. trachomatis is divided into three groups of serovars, which
display different tissue tropism and establish different clinical outcomes.

Serovars A - C: The serovars A - C cause inflammation of the conjunctiva and the cornea of
the eye - called trachoma (Bujger and Ekert; Burton and Mabey, 2009). This trachoma is
worldwide the leading cause of preventable infectious blindness and is mostly found
endemically in developing countries (Gambhir et al., 2007). The bacteria can be spread
through both, direct contact with an infected person or through indirect contact with fomites,
e.g. contaminated clothes or towels (WHO, 2015). Worldwide over 50 million people are
suffering from active infection, while nearly 2 million people are visually impaired as a result
of the disease and of whom 0.5 million are already irreversibly blind (WHO, 2015). The
recurring inflammation of the epithelial cells of the conjunctiva is accompanied by swelling of
the upper eyelid and scarred tissue. The eyelid then turns inwards, where the eyelashes
scratch the ocular surface. This condition is called trichiasis and leads to blindness when left
untreated (Burton, 2007; Burton and Mabey, 2009; WHO, 2015).

Serovars D- K: Infections of the genital tract with the serovars D - K represent the most
common cause of sexually transmitted bacterial diseases (Thomson et al., 2008; WHO,
2011). Many of these infections remain asymptomatic and therefore unnoticed and
subsequently untreated. This promotes chronic infections with serious consequences such

as pelvic inflammatory disease, ectopic pregnancy and tubal occlusion (Carlin and Weller,
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1995; Faro, 1985; Peeling and Brunham, 1996; Swasdio et al., 1996; Tuffrey et al., 1986).
Consequently, these chronic infections are the most common cause of unintentional
childlessness due to infection induced infertility of women (Faro, 1985; Haggerty et al., 2010;
Swasdio et al., 1996).

Serovars L1 - L3: The serovars L1 - L3 are sexually transmitted as well and infect the
lymphatic tissues of the urogenital region causing the more systemic infection
lymphogranuloma venereum (LGV) (van Hal et al., 2007; Mabey and Peeling, 2002). The
LGV disease is a chronic infection which occurs in three stages. The first stage is often
unnoticed as it goes without symptoms causing painless genital ulcer. During the second
stage the infection spreads to the lymph nodes and results in painful swelling. The third stage
is characterized by fibrosis and edema and mostly remains permanent (Mabey and Peeling,
2002). The dissemination of the chlamydiae is linked to infection of monocytes and
macrophages (Mabey and Peeling, 2002; Schachter and Osoba, 1983). In this thesis
C. trachomatis serovar L2 was used.

1.4 Development cycle of chlamydiae

1.4.1 Replication

All chlamydiae species share a unique biphasic development cycle, in which the bacteria
exist in two distinct developmental and functional forms (schematically outlined in Figure 2
A). Their development cycle is marked by different transcriptional programs and therefore
separated in three diverse intracellular stages, the early, mid and late stage (Shaw et al.,
2000). The initial infection starts with the attachment and internalization of the elementary
body (EB) by cells of the host’s epithelium via phagocytosis or clathrin or calveolin receptor-
mediated endocytosis (Dautry-Varsat et al., 2005; Hodinka et al., 1988; Hybiske and
Stephens, 2007a; Reynolds and Pearce, 1990). The EB represents the infectious but
metabolically inactive form, with a size of about 0.3 ym which can shortly survive outside the
cell (Wolf et al., 2000). EBs exhibita rigid outer membrane with three cysteine-rich proteins
that are highly cross linked by disulfide bonds (AbdelRahman and Belland, 2005; Hatch et
al., 1986). The major outer membrane protein (MOMP) represents one of the most important
of these proteins and is not only a major structural component of the chlamydial cell wall, but
also an antigen that induces a protective antibody response. After uptake, the EBs still
possess their characteristic size and condensed DNA, but just a few hours after infection, the
DNA starts to decondense and an increase in size takes place due to the cleavage of the
outer membrane disulfide bonds (Grieshaber et al., 2004; Hatch et al., 1986; Wolf et al.,
2000; Woyrick, 2000). Thereby the membrane of the bacteria surrounding the vesicular

compartment, named the inclusion, is intensely modified. These modifications are required to
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prevent the fusion with lysosomes and to provide the necessary supply of various
metabolites or nutrients components such as sphingolipids through interaction with the Golgi
apparatus (Al-Younes et al., 2001; Hackstadt et al., 1996, 1997; Heuer et al., 2009; Ojcius et
al.,, 1997; Rockey et al., 1995; Scidmore et al., 2003). Within the inclusion the EBs
differentiate into the reticulate bodies (RB) with a size of 0.8 - 1.5 ym and this EB to RB
conversion is called the early stage of infection (AbdelRahman and Belland, 2005). The RBs
are now metabolically active but not infectious anymore. During the mid-stage of the
infection, the replication of the RBs, by binary fission, occurs by which the inclusion grows
exceptionally large, taking up most of the cytoplasmic space (Hackstadt, 1999; Moulder,
1991)(Figure 2 B-C). After replication, the late phase of infection is initiated, in which the
chlamydiae start to re-differentiate to infectious EBs. For C. trachomatis the late stage begins
about 20 hours after infection and for C. pneumoniae around 48 hours after infection
(Moulder, 1991).

Cr

inclusion Differentiation

Re-
ifferen-
tiation

Figure 2: Replicative development cycle of chlamydiae. The replicative development of chlamydiae is
schematically outlined in A) and begins with attachment and invasion of an elementary body (EB). Inside the
cell the inclusion is formed in which the EB differentiates into a reticulate body (RB) which then starts to
replicate within the inclusion. After replication the RBs re-differentiate into infectious EBs which are released in
order to infect new cells. B) Typical replicative inclusion in an epithelial cell stained in green with a specific
antibody against chlamydial LPS. C) Electron micrograph of a replicative inclusion in an epithelia cell with
typical RB developmental forms present at 12 hpi (C2) and 24 hpi (C3) and a mixture of characteristic RBs
and EBs 48 hpi (C4) (adopted and modified from Belland et al. (Belland et al., 2003).
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During the chlamydial development, a high amount of energy is required. Although
chlamydiae possess genes required for energy metabolism they are often encoded
incompletely and chlamydiae recruit lipids, iron, nucleotides and ATP of their host cell (Hatch
et al.,, 1982; lliffe-Lee and McClarty, 1999; Kalman et al., 1999; McClarty and Fan, 1993;
McClarty and Qin, 1993; Tipples and McClarty, 1993). Thus chlamydiae are discussed to be
energy parasites which are highly relying on the supply of nutrients by their host cell
(McClarty, 1999; Moulder, 1991). To optimize the energy supply, chlamydiae are also linked
to the autophagy machinery, a process used by the host cell to regain energy in times of
starvation or stress. Depending on the species, the completion of the developmental cycle
takes 48 hours (C. trachomatis) to 72 hours (C. pneumoniae) after which the chlamydiae
finally leave the cell in order to infect new cells (Dautry-Varsat et al., 2005; Hackstadt, 1999;
Hybiske and Stephens, 2007b; Moulder, 1991; Wolf et al., 2000). Nevertheless the exact
mechanism of chlamydial cell to cell transfer is still largely unknown.

1.4.2 Persistence

Alternatively to the described replication cycle, the infection can also enter a persistence
state in response to stress conditions (schematically outlined in Figure 3 A). In a persistence
state the chlamydiae exist in a strongly altered metabolically and morphologically life form.
Persistence is characterized by an incomplete developmental cycle in line with formation of
smaller and aberrant inclusions, which harbor only a few but enlarged and aberrant RBs
(Beatty et al., 1993, 1994a; Borel et al., 2014; Hogan et al., 2004; Wyrick, 2010)(Figure 3 B-
C). The inclusions remain small as the chlamydiae do not replicate in this persistent state
(Beatty et al., 1994a). Furthermore, persistence is accompanied by reduced infectivity and
metabolic activity (Beatty et al., 1994a; Harper et al., 2000; Nelson et al., 2005). In this
persistent state, re-differentiation into infectious EBs does not occur, so that a direct
cultivation of persistent chlamydiae is not possible, although the chlamydiae remain viable
(Beatty et al., 1994b, 1995; Borel et al.,, 2014). Some chlamydial proteins have been
suggested as indicators of chlamydial persistence, such as MOMP and immuno-destructive
chlamydial heat shock protein 60 (cHsp60) (Hogan et al., 2004; Villegas et al., 2008). In
IFN-y induced persistence MOMP expression is reduced, while expression of Hsp60 is
maintained (Beatty et al., 1994b, 1994c). Furthermore, it was reported that inhibition of
autophagy, hereby reducing the nutrient supply, impaired the inclusion size, chlamydial
morphology and development of infectious progeny (Al-Younes et al., 2004). In contrast
other studies suggest that autophagy can serve as an innate defense mechanism against
chlamydiae (Al-Younes et al.,, 2004, 2011; Yasir et al., 2011). Several host cell pathways

have been highlighted to play a role during chlamydiae infection, however the trigger leading
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to a persistence phenotype in disease is still controversially debated. In vitro persistence can
be induced by several conditions for example, by treatment with IFN-y or certain antibiotics,
but also by iron deprivation or nutrient starvation (Beatty et al., 1994c; Coles et al., 1993;
Dreses-Werringloer et al., 2000; Harper et al., 2000; lgietseme et al., 1998; Matsumoto and
Manire, 1970; Pantoja et al., 2001; Peters et al., 2005; Raulston, 1997; Summersgill et al.,
1995). Persistence is a reversible phenotype and after removal of the persistence stimuli the
chlamydiae can be reactivated and return to the replicative development cycle (Hogan et al.,
2004). In a state of persistence the chlamydiae are resistant to antibiotic treatment.
Interestingly, the host cell function is hardly disturbed during persistent infection. Chlamydiae
can remain indefinitely in the persistent form which is discussed to be associated with many
chronic diseases, such as atherosclerosis, pelvic inflammatory disease, asthma, scarring
trachoma and reactive arthritis, as it is difficult for the host cells to eliminate the chlamydiae
(Hogan et al., 2004). In general, the molecular switch determining persistent or replicative
infection is poorly understood.

INF-y
A Antibiotics
Iron deprivation - _ =

O
0 O -
f\ Persistence
-

Inclusion Differentiation

infection

Removal of
persitence stimuli

Re-
activation

Figure 3: Persistent chlamydiae infection. A persistent chlamydiae infection is schematically outlined in A) and
can be induced by treatment with IFN-y, certain antibiotics, iron deprivation or poor nutrient conditions. The
inclusions remain small and aberrant and harbor only a few but large an atypical RBs. Removal of the persistence
stimuli reactivates chlamydial development and results in the return to replication. B) Typical persistent infection
in an hMDM with small inclusions stained in green with a specific antibody against chlamydial LPS. C) Electron
micrograph of an INF-y induced persistence in an epithelia cell. Initially, RBs appear similar to untreated cultures
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at 12 hpi (C2) however, at 24 hpi (B3) and 48 hpi (C4) the RBs exhibit an aberrant morphology and appear as
large aberrant non- infectious forms (adopted and modified from Belland et al. (Belland et al., 2003).

1.5 Chlamydiae host cell interactions

Chlamydiae modulate and manipulate various host cell pathways and processes to ensure
optimal growth and to acquire nutrients and energy from the host cell as well as for evasion
of host defense mechanisms (Mehlitz and Rudel, 2013). Chlamydial modulation starts
already upon uptake and is present during EB attachment and internalization as well as for
inclusion modifications, such as for protection against lysosomal degradation (Carebeo et al.,
2004, Clifton et al., 2004; Grieshaber et al., 2003; Jewett et al., 2006; Rzomp et al., 2003;
Scidmore et al., 2003). To avoid immune responses, chlamydiae also interfere with several
important host cell signaling pathways, for instance inhibit NF-KB signaling and down-
regulate MHC class | and Il antigen presentation (Lad et al., 2007a, 2007b; Le Negrate et al.,
2008; Zhong et al., 2000). In addition, chlamydiae are well known to modulate host cell
apoptosis. They are able to block host cell apoptosis to ensure intracellular survival. On the
contrary they trigger their release at later time points by induction of apoptotic blebs
(Carabeo et al.,, 2002; van Zandbergen et al., 2004a). To accomplish the complex
manipulation of their host cell, chlamydiae are able to interact with numerous cellular factors,

such as transcription factor HIF-1 (Le Negrate et al., 2008; Rupp et al., 2007).

1.5.1 Transcription factor AP-1

A known key player in various regulatory processes of the host cell is the transcription factor
AP-1 (activator protein-1). AP-1 is involved in proliferation, differentiation, apoptosis, cell
metabolism, migration and neoplastic transformation and inflammation (Figure 4) (Angel and
Karin, 1991; van Dam and Castellazzi, 2001; Eferl and Wagner, 2003; Kozlovsky et al., 1997;
Santalucia et al., 2003; Schonthaler et al., 2011; Shaulian and Karin, 2001, 2002). The
involvement of AP-1 in such diverse and partially contradicting processes can be explained
by the diversity of induction stimuli and the dependence on several basic conditions. In more
detail, AP-1 can be regulated by a large variety of stimuli, such as growth factors, cytokines,
UV radiation and other stress signals, in addition to infections and oncoproteins (Shaulian
and Karin, 2001, 2002). The influence of AP-1 is determined by the individual AP-1
composition, type of stimulus, species and cell type, as well as by developmental state and
cell cycle phase (Lallemand et al., 1997; Schonthaler et al., 2011; Shaulian and Karin, 2001,
2002).
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AP-1 is a generic term for dimeric transcription factors which is composed of proteins of the
Jun- (c-Jun, JunB and JunD), Fos- (c-Fos, FosB, Fra-1 and Fra-2) or activating transcription
factor (ATF-) (ATF-2, ATF-3 and BH-ATF) family members (Zenz et al., 2008). These
proteins can form homodimers, except for the c-Fos family, as well as different heterodimers
through a bZIP-motif (basic region leucine zipper) influencing the fate of the cell (Angel and
Karin, 1991; Karin et al., 1997; Kouzarides and Ziff, 1988; Shaulian and Karin, 2001, 2002;
Wagner, 2001). As a result of the variety of possible heterodimer constellations, the ability to
induce transcriptional activity is variable (Ryseck and Bravo, 1991). However, dimerization is
a prerequisite for DNA binding and AP-1 regulates transcription of genes by binding at the
consensus sequence (TRE; 5-TGAG/CTCA-3'). This sequence is called TRE (TPA (12-O-
tetradecanoylphorbol-13-acetate) responsive element) and was identified as an AP-1 binding
site for many cellular but also viral genes (Angel et al., 1987, 1988; Landschulz et al., 1988;
Tseng and Verma, 1995; Turner and Tjian, 1989).

AP-1 activity is regulated on multiple levels. The expression of AP-1 proteins is controlled by
differential transcription rates as well as by differential mMRNA stabilities and by
posttranslational modifications e.g. phosphorylation or ubiquitination (Eferl and Wagner,
2003; Hess et al.,, 2004). AP-1 regulation on the transcriptional level modulates the
availability of the different AP-1 subunits depending on cell type, differentiation status and
cell context and therefore influencing the AP-1 composition (Vesely et al., 2009).
Posttranscriptional modulation can occur for example by phosphorylation via different
kinases belonging to the mitogen activated protein kinase (MAPK) pathway, such as
c-Jun N terminal Kinase (JNK) or ERK (Doehn et al., 2009; Karin et al., 1997; Young and
Colburn, 2006).

The two major subgroups of AP-1 are the Jun- and Fos-families, which are characterized by
a high degree of homology. The Jun-Fos heterodimers exhibit higher stability and stronger
DNA binding affinities than Jun-Jun homodimers based on the higher thermostability of
heterodimers (Hess et al., 2004; Karin et al., 1997; Smeal et al., 1989). On a functional level,
Jun proteins are involved in the regulation of genes which are implied in cellular proliferation
and apoptosis, whereas Fos proteins are frequently associated with genes that contribute to
angiogenesis and tumor invasion (Karin et al., 1997).

Human c-Jun consists of 334 amino acids and the jun gene belongs to the immediate-early
genes, meaning it is activated rapidly and transiently upon stimulation (Angel et al., 1988).
The most important regulation of c-Jun activity is mainly influenced by phosphorylation and
ubiquitination which affect the DNA-binding, stability, interaction with other proteins and
transcriptional regulatory activity (Boyle et al., 1991; Franklin et al., 1992; Pulverer et al.,
1991). c-Jun protein induces its own transcription in a positive mediated autoregulation of the
jun gene (Angel and Karin, 1991; Angel et al., 1988; Berry et al., 2001; Mechta-Grigoriou et

al., 2001). c-Jun is expressed in proliferating and differentiating cells suggesting that it is
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involved in both, cell proliferation and differentiation. It was shown that c-Jun is capable of
regulating the activation of the cell cycle promoting gene cyclin D1 transcription, whereas it
represses cell cycle inhibiting genes, such as p53 and INK4A (Bakiri et al., 2000; Passegué
and Wagner, 2000; Schreiber et al., 1999; Shaulian and Karin, 2001; Shen et al., 2006,
2008).

c-Fos protein is composed of 381 amino acids and the fos gene is similar to the jun gene an
immediate early gene. In contrast to Jun proteins, the Fos proteins cannot homodimerize
with other Fos proteins, but form heterodimers preferentially with Jun proteins with varying
affinities (Hai and Curran, 1991; Halazonetis et al., 1988). c-Fos protein expression is in most
cell types at low or undetectable levels, but its amounts and transcriptional activity increases
upon phosphorylation, like those of c-Jun (Distel and Spiegelman, 1990; Karin et al., 1997;
Pulverer et al., 1991; Smeal et al., 1994). c-Fos is involved in important biological processes,
including cell proliferation, differentiation and survival, as well as cell transformation and
tumorigenesis (Shaulian and Karin, 2001; Tulchinsky, 2000).

Transcription factor AP-1 can contribute to both prevention of apoptosis resulting in cell
survival and also to induction of apoptosis, leading to cell death (Ameyar et al., 2003; Hess et
al., 2004; Shaulian and Karin, 2001). As AP-1 is involved in various host cell processes,

chlamydiae may misuse this transcription factor for their

\
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Figure 4: AP-1 regulates various host cell processes and is also involved in some diseases. AP-1 function
depends on the subunit of AP-1 which can have a positive, negative or even a dual influence on essential cellular
processes. Deregulation of these processes due to AP-1 alterations can lead to grave diseases. Blue double-
headed arrow points out antagonists (adopted from Hess et al. (Hess et al., 2004).
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1.5.2 Chlamydiae modulate host cell apoptosis

Chlamydiae have evolved strategies to regulate apoptosis pathways of their host cell, by
either actively blocking of apoptosis or by its induction (Clifton et al., 1998; Fan et al., 1998;
Fischer et al., 2001; Ojcius et al., 1998a; Perfettini et al., 2003; Rajalingam et al., 2001; Ying,
2007). The inhibition of apoptosis ensures the completion of the chlamydial development and
secures a viable, nutrient-producing host cell alongside with protection for instance from the
action of cytotoxic T cells (Byrne and Ojcius, 2004; Fling et al., 2001; Gervassi et al., 2004;
Miyairi and Byrne, 2006). The prevention of their clearance thereby promotes a persistent
infection. This is strengthened by the fact that chlamydiae infected cells, which were treated
with persistence inducer IFN-y, resist apoptosis (Dean and Powers, 2001). As premature
induction of host cell apoptosis was shown to impair the chlamydial development,
chlamydiae infected cells are able to block both chemically and spontaneously induced
apoptosis (Dean and Powers, 2001; Fan et al., 1998; Fischer et al., 2001, 2004; Greene et
al., 2004; Rajalingam et al., 2001; Ying et al., 2008). In contrast to apoptosis inhibition
chlamydiae are also able to induce apoptosis which is connected to chlamydial release and
dissemination (Byrne and Ojcius, 2004; Maass et al., 2000; Rupp et al., 2009; Shio et al.,
2012). Several hypotheses have been suggested about how the chlamydiae are released
from their host cell. As for most intracellular pathogens, it is suggested that chlamydial
release is accomplished by lysis of the host cell, as chlamydiae infection in productive cell
culture was shown to eventually result in host cell lysis (AbdelRahman and Belland, 2005;
Campbell et al., 1989; Neeper et al., 1990; Patton et al., 1988; Rockey et al., 1996). This
biological process was initially assumed to be a physical consequence as the inclusion
expands and captures a majority of the intracellular space. Recent findings demonstrate that
lysis is actively induced and orchestrated by the chlamydiae from within the
bacteria-containing vacuole (Campbell et al., 1989; Hybiske and Stephens, 2007b; Neeper et
al., 1990). In contrast to lysis another strategy for chlamydial release, called extrusion, was
described (Hybiske and Stephens, 2007b). Extrusion is a packaged release mechanism
which leaves the host cell intact, while some or all of the chlamydial inclusion pinches out of
the host cell with viable chlamydiae inside (Hybiske and Stephens, 2007b). Extrusions were
supposed to be involved in chlamydial dissemination as the uptake of extrusions by
macrophages could distribute the chlamydiae to systemic sites, such as the lymph nodes
(Hybiske and Stephens, 2008; Moazed et al., 1998).

Similar to extrusion an additional way of cell exit is provided by induction of host cell
apoptosis (Ojcius et al., 1998b; Perfettini et al., 2003). The initiation of apoptosis at the end
of chlamydial development could trigger or enhance release of EBs from which chlamydiae
would benefit by facilitating their subsequent uptake by macrophages and therefore

propagate infection without provoking an inflammatory response (Rupp et al., 2009).
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Apoptosis occurs in infected cells at later stages of infection and is accompanied by nuclear
morphological changes or nuclear damage during infection, in the absence of classical
caspase activation (Dumrese et al., 2005; Ojcius et al., 1998b; Perfettini et al., 2002a, 2002b;
Schdier et al., 2001). This caspase-independent induction of apoptosis could be explained by
activation of the pro-apoptotic protein Bax as a possible result of the chlamydiae-mediated
increase of mitochondrial metabolism and oxidative stress (Azenabor and Mahony, 2000;
Hatch and McClarty, 1998; Ojcius et al., 1998b; Perfettini et al., 2002a, 2003). Furthermore,
pro-apoptotic stimuli like tumor necrotic factor a (TNF-a) have been connected to chlamydiae
induced apoptosis (Jendro et al., 2004). Moreover, a chlamydial effector protein associated
with death domain (CADD) interacts with TNF receptor death domains and induces
Fas-related apoptosis upon ectopic expression (Schwarzenbacher et al., 2004; Stenner-
Liewen et al., 2002). Chlamydiae induced apoptosis may not only cause their release but
also facilitate the subsequent transfer to new cells.

1.6 Silent transfer of chlamydiae between potential host cells

During the course of infection, human neutrophils are among the first cells to be present and
to react on inflammation. They are naturally short-lived cells and have a life span between
6 — 10 hours in the circulation after which they normally undergo spontaneous apoptosis
(Payne et al., 1994; Rupp et al., 2009; Tak et al., 2013; Zandbergen et al., 2004). During
apoptosis neutrophils show typical apoptotic characteristics like decondensation of the
nuclei, cell shrinkage, membrane blebbing followed by formation of apoptotic bodies as well
as phosphatidylserine exposure (Payne et al., 1994; Squier et al., 1995; Zandbergen et al.,
2004). In contrast, chlamydiae infection prolonged the life span of the neutrophils up to
90 hpi as the chlamydiae actively delayed apoptosis (Zandbergen et al., 2004). The infected
neutrophils did not become apoptotic until 66 hpi, when the chlamydiae had finished their
development cycle. In addition, the delay in apoptosis allowed the infiltration of macrophages
to the site of infection which are crucial for systemic dissemination (Blasi et al., 2004; Shio et
al., 2012). Subsequently, the macrophages internalize the apoptotic neutrophils and blebs
which contain viable chlamydiae. The chlamydiae use this as “Trojan horse” strategy to
benefit from an unrecognized uptake which generates a productive infection (Figure 5)
(Byrne and Ojcius, 2004; Zandbergen et al., 2004). Furthermore, the interaction of
phosphatidylserine on the surface of the apoptotic blebs with its receptor on the phagocytic
cell reduces the inflammatory response (Byrne and Ojcius, 2004). Apoptosis may therefore
be utilized by chlamydiae to achieve their transfer to macrophages ((Byrne and Ojcius, 2004;
Rupp et al., 2009). In general, decoding the chlamydial transfer mechanisms is of

fundamental importance to understand chlamydiae pathogenesis.
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Figure 5: Infected cells can die by apoptosis and thereby reduces the inflammatory response. Chlamydiae-
infected cells might induce apoptosis to be released from the host cell. They then may hide in the apoptotic blebs
to be silently taken up by avoiding an inflammatory response. This mechanism might benefit chlamydial
propagation (adopted and modified from Byrne and Ojcius (Byrne and Ojcius, 2004).

1.6.1 Macrophages as host cells for chlamydiae

The first cells that are affected during chlamydiae infection are epithelial cells of the lung
(C. pneumoniae) or the urogenital tract (C. trachomatis). However, additional host cells,
involved in disease propagation, are macrophages. Macrophages (MFs) are white blood cells
and are like dendritic cells and neutrophilic granulocytes professional phagocytes. They play
a central role in the innate immunity as well as in initiating adaptive immune responses. MFs
reside at strategic locations, in almost all tissues or develop from immature monocytes upon
inflammation, to form the first line of defense against infections and infiltrating pathogens.
The monocytes circulate through the bloodstream until they are recruited to the site of
infection via chemotaxis. While they infiltrate into the inflamed tissue stimulation by various
cytokines leads to differentiation into tissue resident MFs, such as alveolar MF (Adams and
Hamilton, 1984; Nathan, 1987; Stout and Suttles, 2004). Mature human MFs can be
characterized by the expression of specific markers, like pattern recognition receptors CD14
for detection of LPS and scavenger receptor CD68 and are responsible for engulfment and
killing of invading microorganisms as well as for the removal of apoptotic and necrotic cells
(Holness and Simmons, 1993; Leenen et al., 1994; Solovjov et al., 2005). Therefore they are
equipped with mannose-receptors, scavenger-receptors and pattern recognition receptors
(PRRs) for example Toll-like-receptors (TLRs) which recognize invading pathogens followed
by elimination in the course of trigging phagocytosis. Subsequent to phagocytosis an

intracellular endocytic compartment, called the phagosome, is formed. The modification of
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the phagosome leads to the fusion with the lysosomes resulting in digest and destruction of
the pathogen in the phagolysosome. Once pathogens were eradicated, scavenger receptors
are involved in the clearance of apoptotic cells by inducing phagocytosis and inhibition of
pro-inflammatory cytokine production, switching off previously activated macrophages
(Fadok et al., 1998). This deactivation process is important to avoid destruction of tissues
and persistence of inflammation (Gordon, 2003). Macrophages are relatively long-lived cells
and the secretion of signaling proteins like cytokines and chemokines during inflammation

leads to the activation and the recruitment of other immune cells.

1.6.2 Pro-inflammatory and anti-inflammatory macrophages

Two different macrophage phenotypes have been studied predominantly, whose
differentiation depends on lineage-determining cytokines. These phenotypes differ in their
morphology and effector functions causing opposite immune functions with either a Thl or
a Th2 response and therefore resulting in a different disease outcome (Mills et al., 2000).
During inflammation monocytes differentiate into pro-inflammatory type | MFs which are
responsible for host defense against pathogens, anti-tumor responses and autoimmunity
(Neu et al.,, 2013; Xu et al., 2013). These pro-inflammatory type | MFs secrete the pro-
inflammatory cytokines tumor necrosis factor alpha (TNF-a), Interleukin-1 (IL-1), IL1B, IL-6,
IL-12(p40) and IL-23 and are therefore also termed “classically activated macrophages”
(Goerdt et al, 1999; Mosser and Edwards, 2008; Verreck et al., 2004, 2006).
Pro-inflammatory type | MFs are characterized by a round, fried egg-shaped morphology and
they are positive for LPS receptor CD14, but negative for scavenger receptor CD163.
In addition to production of pro-inflammatory cytokines they kill microorganisms by release of
antimicrobial effector molecules like reactive oxygen and nitrogen intermediates and prime
the adaptive immune cells towards a Th-1 phenotype (Mantovani et al., 2004; Mills et al.,
2000; Mosser and Edwards, 2008). Moreover, type | MFs are found to express high levels of
MHC class | and class Il antigens (Cassol et al., 2010; Martinez and Gordon, 2014; Mosser
and Edwards, 2008). In vitro pro-inflammatory type | monocyte derived macrophages (MDM)
can be generated by incubation of human blood derived monocytes in the presence of
granulocyte-macrophage colony-stimulating factor (GM-CSF) (Mantovani et al.,, 2004;
Verreck et al., 2004).

In contrast to inflammation, during the steady state, monocytes differentiate to
“alternatively activated macrophages”, the anti-inflammatory type 1l MFs (Chapuis et al.,
1997; Martinez et al., 2006; Smith et al., 1998). These type Il MFs dampen the adaptive
immune responses (Th2 response) by producing high levels of anti-inflammatory cytokines

such as IL-10 and transforming growth factor beta (TGF-) and low levels of IL-12 (Verreck
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et al.,, 2004, 2006). Type Il MFs exhibit a wide stretched morphology with a spindle-like
shape. In contrast to type | MFs, the type Il MFs are known to possess a higher phagocytic
capacity (Neu et al., 2013; Zizzo et al., 2012). Furthermore, type Il MFs lack microbicidal
activity and show only a low antigen presentation (Ehrt et al., 2001; Savage et al., 2008).
Because of their involvement in homeostatic processes and their ability to clear dead cells
and cell debris without releasing inflammatory mediators as well as by expression of the
scavenger receptor CD163 they are called general scavenger cells (Buechler et al., 2000;
Kharkrang, 2010; Mosser, 2003; Savage et al., 2008). Upon uptake of apoptotic cells they
retain their anti-inflammatory status by secretion of anti-inflammatory TGF beta (Ehrt et al.,
2001; Savage et al.,, 2008; Xu et al., 2006, 2007). In addition to the involvement in
phagocytosis of apoptotic cells the type Il MF are also responsible for tissue remodeling,
repair and wound healing, as well as for allergy and elimination of pathogens (Mantovani et
al., 2004; Martinez et al., 2009). In vitro incubation of blood derived human monocytes with
macrophage colony-stimulating factor (M-CSF) leads to the differentiation into
anti-inflammatory hMDM type Il (Goerdt and Orfanos, 1999; Goerdt et al., 1999; Mills et al.,
2000; Smith et al., 1998; Verreck et al., 2004).
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1.7 Hypotheses and Aims of this study

Chlamydiae are obligate intracellular bacteria which can infect a variety of different cells
causing replicative or persistent infections. The trigger, which determines the development of
a persistent infection phenotype in vivo, remains unknown. Initially chlamydiae infect the lung
or genital epithelium. After replication they leave the epithelial cells in order to infect new
cells, such as macrophages. How the chlamydiae are transferred from one cell to another is

still unclear.

To address these specific questions we used different chlamydiae species and cell types in
this thesis. In the first part we investigated chlamydial persistence focusing on
C. pneumoniae infection in an epithelial cell model, using a HEp-2 cell line. In the second
part, the focus was put on chlamydial transfer, in which we concentrated on infection with
C.trachomatis or its transgenic variant eGFP-C. trachomatis. Furthermore, as host cells we
exclusively used primary human monocyte derived macrophages (hMDM).

Part | Part Il
persistence
chlamydiae '
oggogg direct infection S
AP-1 B

inhibition \

o0 o @ <
(]| - 0 ®
= - )

chlamydiae-containing
apoptotic bleb

replication

Figure 6: Hypotheses of this thesis. After infection chlamydiae usually replicate within their epithelial host cell,
but they can also enter a persistent state. A) In part | of this thesis we focused on Hypothesis I: Transcription
factor AP-1 plays an important role in the induction of persistence in HEp-2 cells. Direct infection of
macrophages results in a persistent chlamydiae infection. In contrast, the uptake of apoptotic and infected cells or
blebs leads to a replicative infection. B) In part Il of the thesis we concentrated on Hypothesis Il - Chlamydiae
hide inside apoptotic blebs to ensure a silent uptake without being visible for the innate immune system.
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Part I:

After infection chlamydiae usually replicate within their epithelial host cell. However, infection
with C. pneumoniae is often associated with severe sequelae due to chronic and persistent
infections. Why the chlamydiae enter a persistent state during the course of infection is still
not completely clear. As obligate intracellular pathogens, chlamydiae efficiently manipulate
host cell processes and pathways to ensure their intracellular development. The universal
transcription factor AP-1 is involved in a number of these cellular processes and pathways

and therefore a potential target for chlamydial manipulation (Figure 6).

We hypothesize that: “Transcription factor AP-1 is a key regulator of persistence

during C. pneumoniae infection in HEp-2 cells”

To investigate this hypothesis, we have the following aims:

Aim 1: Investigate if AP-1 is regulated during C. pneumoniae infection by analyzing the
protein and mRNA level of the AP-1 components c-Jun, c-Fos and ATF-2 using Western Blot

analysis and gRT-PCR.

Aim 2. Establish a siRNA knockdown of AP-1 components ¢c-Jun and c-Fos and assess its
consequences on C. pneumoniae development using immunofluorescence microscopy,

gRT-PCR and Western Blot analysis.
Aim 3: Analyze the requirement of AP-1 mediated transcription for chlamydial development
by using an AP-1 specific inhibitor, Tanshinone IIA, and assess the inhibitory effect for

infection by using immunofluorescence microscopy, gRT-PCR and Western Blot analysis.

Aim 4: Characterization of the infection phenotype (replicative vs. persistence) after

Tanshinone IIA treatment and the underlying mechanism preceding this phenotype.
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Part II:

In previous studies we observed that a direct infection of macrophages leads to a persistent
infection phenotype, whereas the uptake of an apoptotic, chlamydiae-containing cell or bleb
resulted in the formation of a productive infection (Figure 6). We suggest that the way of cell
entry, e.g. direct infection or indirect infection via bleb transfer, is decisive for the outcome of
infection. In chlamydiae research it is common to centrifuge the chlamydiae elementary
bodies onto the host cells to achieve optimal infection. As this approach stands far from
in vivo conditions, we decided to investigate the bleb macrophage interaction in a more
physiological setting, using state of the art live cell microscopy.

We hypothesize that: “Chlamydiae hide inside apoptotic blebs to ensure a silent

uptake without being visible for the innate immune system”.

To investigate this hypothesis, we have the following aims:

Aim 5: Characterization of chlamydiae infection in pro-inflammatory hMDM | and
anti-inflammatory hMDM |l comparing their suitability as host cell for different chlamydiae

species (C. trachomatis and C. pneumoniae).

Aim 6: Investigation of the importance of AP-1 for C. trachomatis development in hMDM |
and hMDM 1.

Aim 7: Visualization of the transfer of eGFP-C. trachomatis-containing apoptotic blebs to

hMDM by using high speed live-cell imaging.
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2 Material and Methods

2.1 Material

2.1.1 Chemicals and compounds

Chemical/compound

manufacturer

2-propanol

B-Mercaptoethanol

Acrylamide / Bisacrylamide solution 30%
Agarose, LE

Ammonium chloride (0.15 M)
Ammoniumpersulfat (APS)

Aqua bidest.
ATP, 100 mM Solution

AZD-8055

Bovine Serum Albumin (BSA)

CASYton

Cycloheximide

Diethyl pyrocarbonate (DEPC)

Developer G153 A+B

Dimethylsulfoxid (DMSO)

dNTP-Mix (10 mM each)

Dithiothreitol (DTT)

Dulbecco’s Modified Eagle Medium (DMEM)
ECL Western Blotting Detection Reagents
EDTA (Ethylenediaminetetraacetic acid)
Ethanol (EtOH), absolute

Fetal Calf Serum (FCS)

gentamycin
HEPES (1 M)
High-purity water

Human recombinant Granulocyte
Macrophage Colony Stimulating Factor (GM-
CSF)

Human recombinant Macrophage Colony
Stimulating Factor (M-CSF)

VWR, Bruchsal, GER

Sigma-Aldrich, Deisenhof, GER

Serva Electrophoresis, Heidelberg, GER
Biozym Scientific GmbH, Oldendorf, GER
in-house facility, PEI, Langen GER
Serva Electrophoresis, Heidelberg, GER

in-house facility, PEI, Langen, GER

Fermentas, Thermo Scientific, Dreieich,
GER

Selleckchem, Houston, USA
Sigma-Aldrich, Deisenhof, GER
Roche Innovatis AG, Reutlingen, GER
Sigma-Aldrich, Deisenhof, GER
AppliChem, Darmstadt, GER

AGFA, Mortsel, BE

Sigma-Aldrich Chemie, Steinheim (GER)
NEB, Frankfurt am Main, GER
Sigma-Aldrich, Steinheim, GER
Lonza, Basel, CH

GE Healthcare, Buckinghamshire, UK
in-house facility, PEI, Langen, GER
VWR, Bruchsal, GER

Sigma-Aldrich, Deisenhof, GER

Sigma-Aldrich, Taufkirchen, GER

AppliChem, Darmstadt, GER
in-house facility, PEI, Langen, GER

in-house facility, PEI, Langen, GER

Bayer Healthcare Pharmaceutical,
Leverkusen, GER

R&D Systems, Minneapolis, USA
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Human Serum Type AB Lonza, Walkersville, USA
Hydrochloric acid (HCI), 1 N AppliChem GmbH, Darmstadt, GER
Hydrochloric acid in-house facility, PEI, Langen, GER
Immersion oil (Immersol™ 518F) Carl Zeiss, Jena, GER

L-glutamine Biochrom AG, Berlin, GER
Lymphocyte Separation Medium (LSM) 1077 PAA, Pasching, AUT
Magnesiumchlorid (MgCl,) Merck, Darmstadt, GER

Methanol Merck, Darmstadt, GER

Milk powder Sucofin TSI GmbH & Co. KG, Zeven, GER
Natrium chloride (NaCl) Sigma-Aldrich, Deisenhof, GER
Nuclease free water Promega Corporation, Madison, USA
Paraformaldehyde (PFA) Sigma-Aldrich, Deisenhof, GER
Penicillin/Streptomycin Biochrom AG, Berlin, GER

Phosphate buffered saline

(1x PBS) wo/ Ca2+, Mg2+: pH 7.1 in-house facility, PEI, Langen, GER

PI-103 Selleckchem, Houston, USA

Rapamycin Selleckchem, Houston, USA

Rapid Fixer AGFA, Mortsel, BE

RNase AWAY VWR, Darmstadt, GER

RNase-free water in-house facility, PEI, Langen, GER

'I\?/Iosyvell Park Memorial Institute (RPMI) 1640 Sigma-Aldrich, Deisenhof, GER
edium

Saponin from Quillaja bark Sigma-Aldrich, Steinheim, GER

Sodium azide (NaNs,) Sigma-Aldrich, Steinheim, GER

Sodium chloride (NaCl) Merck, Darmstadt, GER

Sodium Dodecyl Sulfate (SDS) Merck, Darmstadt, GER

Spautin-1 Sigma-Aldrich, Deisenhof, GER

Sucrose Sigma-Aldrich, Deisenhof, GER

Tanshinone I1A Sigma-Aldrich, Deisenhof, GER

TEMED Serva, Heidelberg, GER

Tris(hydroxylmethyl)-aminomethan (Tris) in-house facility, PEI, Langen, GER

Trypsin 250 in-house facility, PEI, Langen, GER

Tween 20 Sigma-Aldrich, Steinheim, GER

Western Blot Detection Substrate GE Healthcare, Buckinghamshire, UK
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2.1.2 Buffers and solutions

Buffer/solution

Composition

Ammoniumchloride solution

Antibody - immunofluorescence application
PFA fixation solution

Buffer A (washing)

Buffer B (permeabilization)

Blocking solution

WB Blotting buffer

DEPC-H,O

DNA loading dye (6x)

HEPES buffer (1M) pH 7.4

0.15 M Ammoniumchloride

Aqua bidest.

4%

PBS

1% FCS

1 % BSA

1 % Human serum
PBS

1% FCS

1% BSA

1 % Human serum
0.5 % Saponin
Sterile filtrated

TBS/T + 5% milk powder (w/v)

50 mM Tris

40 mM Glycin
0.0375% SDS (w/v)
2.5% Methanol (v/v)
Aqua bidest.

0.1% DEPC
Aqua bidest.

25 mM EDTA
20% glycerol (v/v)
0.025% bromphenol blue dye (w/v)

1M HEPES
Aqua bidest.
pH 7.4 adjust with NaOH
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Laemmli-Buffer (6x)

PBS without Ca** and Mg** pH 7.1 (1x)

SDS-PAGE Running buffer (5x)

Separating gel buffer pH 8.8 (4x)

SPG buffer

Stacking gel buffer pH 6.8 (4x)

TBS buffer (10x)
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500 mM Tris/HCI pH 6.8

38% Glycerol (v/v)

10% SDS (w/v)

600 mM DTT

0.01% bromphenol blue dye (w/ v)
Aqua bidest.

136.9 mM sodium chloride

2.68 mM kalium chloride

1.47 mM potassium dihydrogen
orthophosphate

8.1 mM sodium dihydrogen phosphate

Aqua bidest.

125 mM Tris
1.25 M Glycine
0.5% SDS (W/v)
Aqua bidest.

1.5 M Tris-HCI pH 8.8
0.4% SDS (w/v)
Aqua bidest.

219,1 mM Sucrose/ Saccharose
17,39 mM NaHPO,

2,6 mM NaH,PO,xH,O

4,89 mM glutamic acid

pH 7.3 with NaOH, sterile filtered

0.5 M Tris-HCI pH 6.8
0.4% SDS (w/v)
Aqua bidest.

50 mM Tris-HCI pH 7.4
150 mM NacCl
Aqua bidest.



Material and Methods

TBS/T solution

Tris-HCI (0.5 M) pH 6.8

Tris-HCI (1.5 M) pH 8.8

Trypsin/EDTA solution

Washing buffer

2.1.3 Media and supplements

pH 6.8 adjusted with HCI

1x TBS buffer
0.5% Tween 20 (v/v)

460 mM Tris(hydroxymethyl)-aminomethan
hydrochlorid

40 mM Tris(hydroxymethyl)-aminomethan
Aqua bidest.
pH 6.8 adjusted with 1 N HCI

1.5 M Tris(hydroxymethyl)-aminomethan
Aqua bidest.
pH 8.8 adjusted with 25% HCI

1x PBS without Ca®* and Mg®pH 7.1
0.05% Trypsin
0.7 mM EDTA

1x PBS without Ca®* and Mg®*pH 7.1

5% complete medium (v/v)

Medium

Composition

Culture medium (HEp-2)

Infection medium (HEp-2)

500 mL DMEM

10% FCS (v/v)

2 mM L-glutamine
33,2 mM HEPES

10 pg/mL Gentamycin

500 mL DMEM

10% FCS (v/v)

2 mM L-glutamine
33,2 mM HEPES

10 pg/mL Gentamycin
1 pg/mL cycloheximide
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Complete Medium (hMDM) 500 mL RPMI-1640
10% v/iv FCS
2 mM L-glutamine
50 uM B-Mercaptoethanol
100 U/mL Penicillin
100 pg/mL Streptomycin
10 mM HEPES buffer

Infection medium (hMDM) 500 mL RPMI-1640
10% viv FCS
2 mM L-glutamine
50 uM B-Mercaptoethanol
10 mM HEPES buffer
10 pg/mL Gentamycin

2.1.4 Chlamydiae organisms

Chlamydia pneumoniae ATCC-Nr. VR-1310™
Chlamydia trachomatis Serovar L2 (kindly provided by Jan Rupp)
eGFP-Chlamydia trachomatis kindly provided by Thomas Rudel in

cooperation with lan Clarke

2.1.5 Primary cells and cell lines

Human primary cells

Human peripheral blood mononuclear cells (PBMCs) were obtained from buffy coats of
healthy donors from the DRK-Blutspendedienst in Frankfurt/Main. Subsequently, cells were
isolated as described in 2.2.1.6

Cell lines

human epithelial cells derived from a larynx

HEp-2 carcinoma ATCC CCL-23
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2.1.6 Ready-to-use kits and enzymes

kit

Manufacturer

Amersham ™ ECL ™ Western Blotting
Analysis System

PhosphoWorks™ Luminometric ATP Assay
Kit
IMAGEN™ Chlamydia Kit

ImPromlI™ Reverse Transcription
System

MESA Blue gPCR MasterMix Plus for SYBR
Assay No Rox

RNeasy Plus Mini Kit

Stemfect™ RNA Transfection Kit

Venor®GeM-OneStep-mycoplasma
Detection Kit

GE Healthcare, Buckinghamshire, UK

Biomol, Hamburg, GER
Oxoid, Wesel (GER)
Promega, Mannheim, GER
Eurogentec, Colone, GER
Qiagen, Hilden, GER
Stemgent, San Diego, USA

Minerva Biolabs, Berlin, GER

Enzyme

Manufacturer

Recombinant RNasin® Ribonuclease
Inhibitor (20-40 U/uL)

Tag-polymerase (5U/uL)

2.1.7 Oligonucleotides

Promega, Mannheim, GER

NEB, Frankfurt am Main, GER

All primers were obtained from Eurofins MWG Operon (Ebersberg, GER) with HPSF purified

grade and a synthesis scale of 0.01 pmol.

Primer

5’-3" sequence

C. pneumoniae 16S rRNA fwd
C. pneumoniae 16S rRNA rev
C. trachomatis 16S rRNA fwd

C. trachomatis 16S rRNA rev

CcHsp60 fwd

CHsp60 rev

c-Jun fwd

c-Jun rev

c-Fos fwd

c-Fos rev

TCG CCT GGG AAT AAG AGA GA
AATGCTGACTTGGGGTTGAG

CGG TAATAC GGA GGG TGC TA
CTACGCATTTCACCG CTACA
AGGACGTCACGTAGTTATAGATAA
AGTTTTGCTGGCGACTTCT
ATCGACATGGAGTCCCAG
CGATTCTCTCCAGCTTCC
AACCTGTCAAGAGCATCAGC
CCCAGTCTGCTGCATAGAAG
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GAPDH fwd GAG TCA ACG GATTTG GTC GT
GAPDH rev TTG ATT TTG GAG GGA TCT CG
glut-1 fwd GGT TGT GCC ATA CTC ATG ACC
glut-1 rev CAG ATA GGA CAT CCAGGG TAG C
MOMP fwd GCCACAGCATTGTCTACTACTGAT
MOMP rev AATCTGAACTGACCAGATACGTGA
SiRNAs Manufacturer

AllStars Negative Control sSiRNA
S103650318

JUN siRNA SI00034664
JUN siRNA SI00034671
JUN siRNA SI00034678
JUN siRNA SI00300580

FOS siRNA S100074543
FOS siRNA S100074564
FOS siRNA S102781429
FOS siRNA S102781464

2.1.8 Dyes and markers

Qiagen, Hilden, GER

Qiagen, Hilden, GER
Qiagen, Hilden, GER
Qiagen, Hilden, GER
Qiagen, Hilden, GER

Qiagen, Hilden, GER
Qiagen, Hilden, GER
Qiagen, Hilden, GER
Qiagen, Hilden, GER

Dye

Manufacturer

AnnexinV Fluos 586

Bromphenol blue dye

DAPI (5 pg/mL)

Ethidium bromide solution (1% in water)

Cell Mask™ Deep Red Plasma membrane
stain C10046

Trypan Blue staining solution

Invitrogen Molecular Probes, Eugene, USA
Serva, Heidelberg, GER

Molecular Probes, California, USA

Merck, Darmstadt, GER

Invitrogen Molecular Probes, Eugene, USA

Lonza, Basel, CH

Marker

Manufacturer

1 kb DNA ladder

100 bp DNA ladder

Full-Range Rainbow Molecular Weight
Marker

PageRuler Prestained Protein Ladder
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NEB, Frankfurt am Main, GER
NEB, Frankfurt am Main, GER

GE Healthcare, Buchinghamshire, UK

Fermentas, Thermo Scientific, Dreieich,
GER
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2.1.9 Antibodies

All primary Western Blot (WB) antibodies were diluted in TBST/5% BSA + 0.01% NaN; and

were incubated overnight. Secondary HRP-coupled Western Blot antibodies were diluted in

5% milk powder/TBST for 1h at RT. Immunofluorescence antibodies (IF) were diluted in PBS

+ 0.5% saponin/1% BSA/1% FCS/1% human serum (Buffer B).

Primary Antibodies Use
a-c-Jun, rabbit monoclonal, Cell Signaling (60A8) YI\:/B 11%%()0
a-phospho-c-Jun, rabbit monoclonal, Cell Signaling (D47G9) WB 1:1000
a-c-Fos, rabbit monoclonal, Cell Signaling (9F6) WB 1:1000
a-phospho-c-Fos, rabbit monoclonal, Cell Signaling (D82C12) WB 1:1000
a-ATF-2, rabbit monoclonal, Cell Signaling (20F1) WB 1:1000
a-phospho-ATF-2, rabbit monoclonal, Cell Signaling (11G2) WB 1:1000
a-MOMP, mouse monoclonal, hybridoma supernatant, WB 1:25
generated and kindly provided by G. Zhong, partly described in (Wolf

et al., 2001)

a-chlamydial Hsp60, mouse monoclonal, hybridoma supernatant, WB 1:500
generated and kindly provided by G. Zhong

a-B-actin, mouse monoclonal, Sigma (AC-15) WB 1:1000
a-LC3B, rabbit polyclonal, Cell Signaling (2775) WB 1:1000
a-SQSTM1/p62, mouse monoclonal, Santa Cruz Biotechnology

(sc-28359) WB 1:100
Isotype controls

Rabbit serum isotype control, Roland Plesker, PEI, 5-10 mg/mL IF 1:10
Secondary antibodies

goat a-rabbit IgG AF568 conjugated, Invitrogen (A-11036) IF 1:100

goat a-rabbit IgG HRP conjugated, Santa Cruz Biotechnology
(sc-2004)

goat a-mouse 1gG HRP conjugated, Santa Cruz Biotechnology
(sc-2005)

WB 1:1000 - 5000

WB 1:1000 - 20000
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2.1.10 Laboratory supplies

Consumable

Manufacturer

CASY cups

Cell culture flasks with filter
(25 cm?and 75 cm?)

Cell culture petri dish (10 cm diameter)
Cell culture plates (6-well, 24-well)
Cell Scraper, 16 cm

Centrifuge tubes (0.2 mL)

Reaction tubes (1.5 mL, 2.0 mL)

Centrifuge tubes PCR Tube Multiply® Pro
(0.5 mL)

Chamber slide™, 12-well, ibidi-treat
Chamber slide™ 8 well

Cover Slide (24x50 mm)

Cryogenic vial, internal thread (2 mL)
Cryogenic vial, external thread (1 mL)
ECL films (Hyperfilm™ ECL)

Falcons (15 mL, 50 mL)

glass beads

Ibidi uM dish

Light Cycler 96-well plates with foil, white
Nalgene™ Mr. Frosty Freezing Container

Nitril gloves

Nitrocellulosemembrane
(Hybond ECL blot membrane)

Neubauer improved cell counting chamber
(depth 0.1 mm)

white Nunclon™ Surface plates
Oak-Ridge Centrifuge tubes

Paseur pipette, plastic
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Roche Innovatis AG, Reutlingen, GER

Greiner Bio-One, Kremsmiunster, AT
BD labware Europe, Le Pont de Claix, FRA

BD labware Europe, Le Pont de Claix, FRA
Sarstedt, Nimbrecht, GER

Sarstedt, Nimbrecht, GER

PE Applied Biosystems, Norwalk, USA
Eppendorf, Hamburg, GER

Sarstedt, Nimbrecht, GER

ibidi GmbH, Planegg / Martinsried, GER
Thermo Scientific, Bonn, GER

VWR, Darmstadt, GER

Greiner Bio-One GmbH, Frickenhausen,
GER

Nunc, Thermo Scientific, Dreieich, GER

GE Healthcare, Buckinghamshire, UK

BD labware Europe, Le Pont de Claix, FRA
Glaswarenfabrik Karl Hecht, Sondheim, GER
ibidi GmbH, Planegg / Martinsried, GER
Roche Applied Science, Darmstadt, GER
Thermo Scientific, Dreieich, GER

Ansell Healthcare, Brussels, BE

GE Healthcare, Buchinghamshire, UK

VWR, Darmstadt, GER

Fisher Scientific, Schwerte, GER
Fisher Scientific, Schwerte, GER

Sarstedt, Nimbrecht, GER
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Pipette controller (accu-jet® pro)

Pipette filter tips

(1-10 pL; 10-200 pL, 100-1000 pL)
Pipettes (Research® plus: 0.5-10 pL; 10-
100 pL, 20-200 pL, 100-1000 pL)

Pipette tips
(0.5-10 pL; 2-200 pL; 50-1000 pL)

Cover glasses, round, 0,18 mm

Serological pipettes, sterile
(5 mL; 10 mL; 25 mL)

Sterile filter (0.22 um, 0.45 um)
Syringe (20 mL, 50 mL)

Whatman paper gel blotting

2.1.11 Instruments

BRAND, Wertheim, GER

Nerbe plus, Winsen/Luhe, GER

Eppendorf, Hamburg, GER

Eppendorf, Hamburg, GER

VWR, Darmstadt, GER

Greiner Bio-One, Kremsmunster, AT

VWR, Darmstadt, GER

BD labware Europe, Le Pont de Claix, FRA

VWR, Darmstadt, GER

Device

Manufacturer

Centrifuges
Beckman J6-HC + JA-14

BlOLiner Buckets (75003670; 7500368)
Bench top centrifuges 5430 and 5430R
Heraeus Megafuge 40R

Sprout Mini-Centrifuge

Electrophoresis and Blotting

Development machine Curix 60
Horizontal electrophoresis equipment
Mini-PROTEAN® Tetra Cell

Power Supply “PowerPac™ 200/2.0”
Semi-Dry Transfer Unit TE 77 PWR

UV-Transilluminator GenoView

Imaging
Microscope Primo Star

Microscope Axio Vert.Al

Microscope Observer Z.1

Beckman Coulter, Krefeld, GER
Thermo Scientific, Dreieich, GER
Eppendorf, Hamburg, GER
Thermo Scientific, Dreieich, GER
Biozym, Hamburg, GER

AGFA, Mortsel, BE

Biotec-Fischer, Reiskirchen, GER
Bio-Rad, Mliinchen, GER

Bio-Rad, Mliinchen, GER

Amersham Biosciences, Freiburg, GER
VWR International, Darmstadt, GER

All Carl Zeiss, Jena, GER

equipped with an ApoTome, an AxioCam
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Microscope LSM7 Live Observer Z.1

EM 109 transmission electron microscope

Incubators
CO,-Incubator Forma Series || Water Jacket
Heracell 240i CO, Incubator

Lamina air flow

Workbench MSC-Advantage
Steril Gard Il Advance

Steril Gard Hood

PCR Thermo Cycler
LightCycler® 480 System

Personal Cycler
S1000™ Thermal Cycler

Others

Autoclave Systec vx-150
Analytical balance KB BA 100
CASY Modell TT

Ice machine AF 1000

Freezer (-20°C)

Freezer U725-G (-80°C)

Nalgene™ Mr. Frosty Freezing Container
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MRM, an illuminator HXP120C, reflectors
DIC TL, 38 HE GFP, 43 HE DsRed, 49
DAPI, 50 Cy5, 64 HE mPlum, objectives LD
Achro PIn 20x/0.4 Ph2 DICIII, LD Achro Plan
40x/0.6 Ph2, PIn Apo 20x/0.8 DICII, PInN
10x/0.3 Phl DICI, EC PInN 40x/1.3 OQil
DICIII, PIn Apo 63x/1.4 Oil DICIII

equipped with a line scanner; four laser lines
(405 nm, 488 nm, 561 nm and 635 nm), an
AxioCam MRM, an illuminator HXP120C, a
piezo z-controller 24V80CAP (piezo system
jena), an incubation chamber (PECON),
reflectors Pol TL, 26 AF660, 38 HE GFP, 43
DsRed, 49 DAPI, objectives PIn Apo 63x/1.4
Oil DICIII, PIn Apo 40x/0.95 DICIII

Zeiss, Jena, GER

Thermo Scientific, Marietta, USA
Thermo Scientific, Marietta, USA

Thermo Scientific, Dreieich, GER
The Baker Company, Sanford, USA
The Baker Company, Sanford, USA

Roche Applied Science, Mannheim, GER
Biometra, Goéttingen, GER
Bio-Rad, Mliinchen, GER

Systec, Wettenberg, GER

Sartorius, Gottingen, GER

Roche Innovatis AG, Reutlingen, GER
Scotsman, Pogliano Milanese, IT

Bosch, Stuttgart, GER

New Brunswick, Eppendorf, Hamburg, GER
Thermo Scientific, Dreieich (DE)
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Nitrogen container “Chronos”

Magnetic stirrer IKA® C-MAG HS7
Microwave

pH Meter PB-11

Refrigerator

Tecan Infinite M200PRO microplate reader
Thermomixer comfort (1.5 mL)

Thermomixer 5437 (1.5 ml)

UV-Vis Spectrophotometer NanoDrop 2000c

Vortex mixer VV3

Water bath

2.1.12 Software

Messer, Bad Soden, GER
IKA®-Werke, Staufen (DE)
Bosch, Gerlingen, GER
Sartorius, Goéttingen, GER
Bosch, Stuttgart, GER
Tecan, Crailsheim, GER
Eppendorf, Hamburg, GER
Eppendorf, Hamburg (DE)
PeqgLab, Erlangen, GER

VWR International, Darmstadt, GER

Kottermann VWR International, Darmstadt,
GER

Software

Manufacturer

Axio Vision Rel. 4.8

GraphPad Prism 6

ImageJ and FiJi

Light Cycler software LC480 (v1.5.0 SP4)
Mendeley Desktop

Microsoft® Office 2010

Zen 2012 (blue edition, black edition)

Carl Zeiss, Jena, GER

GraphPad Software, Inc., La Jolla, USA
Open Source

Roche Applied Science, Mannheim, GER
Mendeley Ltd., London, UK

Microsoft, Redmont, US

Carl Zeiss, Jena, GER
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2.2 Methods

Cell culture work and infection experiments were performed under sterile conditions in a
laminar air flow workbench under endotoxin free conditions. Human cells (HEp-2 and hMDM)
were cultivated in humidified incubators at 37°C and 5% CO..

2.2.1 Cell culture

For experiments the adherent human epithelial (HEp-2) cell line was grown in 75 cm? culture
flasks in culture medium, Dulbecco's Modified Eagle's Medium (DMEM) supplemented with
10% fetal calf serum (FCS), 2 mM L-glutamine, 33 mM HEPES and gentamicin 10 pg/mL.
Cells were passaged every 3 - 4 days, when they had reached a confluence of 70 - 90%.
Therefore the medium was discarded and cells were washed with 10 mL prewarmed PBS, to
remove the dead cells and medium leftovers and after that proteolytically detached through
incubation with 2 mL of trypsin-EDTA (ethylenediaminetetraacetic acid) for 5 min at 37°C
with 5% CO,. Afterwards 8 mL of warm culture medium was used to stop the reaction and to
dilute the cells. The cells were then centrifuged at 1024 xg for 5 min at room temperature
(RT). The pellet was resuspended in 10 mL of fresh medium. Subsequently the cells were
counted using a hemocytometer (see 2.2.1.3) and then seeded for experiments or

transferred to a new culture flask with fresh medium for further cultivation.

2.2.1.1Long-time storage of HEp-2 cells

Prior to long-time storage the cells were tested for Mycoplasma contamination with PCR
using a VenorGeM kit (Minerva Biolabs) according to the manufacturer’s instructions. The
HEp-2 cells were harvested and counted as described (see 2.2.1 and 2.2.1.3). After
centrifugation at 1024 xg for 5 min at RT the cells were resuspended in DMEM containing
20% FCS and 10% DMSO to a concentration of 2.5x10° cells per 0.5 mL medium. The cells
were then transferred to cryo tubes and pre-cooled in a Mr. Frosty freezing container

at -80°C over night. The next day the tubes were transferred to a liquid nitrogen tank.

2.2.1.2Thawing of HEP-2 cells

For thawing a cryo tube was taken out of the liquid nitrogen tank and warmed at 37°C in a
water bath. The cells were then transferred drop wise to 10 mL pre-warmed culture medium.

To remove the DMSO the cells were centrifuged at 1024xg for 5 min at RT and the pellet
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was afterwards resuspended in fresh culture medium and transferred to a culture flask for

further incubation.

2.2.1.3Cell counting with using a hemocytometer

HEp-2 cells were counted using a neubauer improved counting chamber with a depth
of 0.1 mm. To distinguish between live and dead cells, the cell suspension was mixed with
trypan blue, which stains the dead cells blue, in a ratio of 1:1. Then 10 pL of the stained cell
suspension was added to the neubauer chamber. Afterwards at least 3 of the 4 big squares
(each contains of 16 small squares) were counted. Concentration of cells per mL was

calculated by the following formula:

amount of the counted cells x dilution factor x chamber factor (x10%)
cells/mL =

amount of counted big squares

2.2.1.4Inhibitor treatment

Tanshinone IllA (Sigma) was resuspended in DMSO and used parallel to infection with a final
concentration of 25 puM.

2.2.1.5Autophagy modulation

For autophagy modulation the HEp-2 cells were treated with different compounds. For
autophagy inhibition spautin-1 and for induction of autophagy rapamycin, AZD-8055 or
P1-103 was used. The compounds were added in different concentrations (0.5, 1, 2, 5 or
10 uM) for 30 min or 2 h. In addition to the autophagy modulators a control comprising cells
without any treatment was used. As the infection medium is supplemented with
cyclohexemide (Cy, 1 ug/mL) also a C, control was used. After treatment the supernatant was
removed and the cells were centrifuged at 1024 xg for 5 min at RT. Next, they were
resuspended and lysed in 1x Laemmli buffer for Western blot analysis (see 2.2.3.1).

2.2.1.6lsolation of human peripheral blood mononuclear cells (PBMC)

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats of healthy
donors. 30-50 mL of blood containing the concentrated immune cells was diluted with
prewarmed sterile PBS to a final volume of 100 mL. Subsequently 25 mL of diluted blood
was layered on 15 ml of prewarmed LSM gradient medium (leukocyte separation medium
1077) in 50 mL tubes and centrifuged at 545 x g for 30 min (20°C) with acceleration and

deceleration set at a minimum level. After centrifugation, the blood cells were separated
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generating a density gradient and the interphase containing the PBMCs was collected. For
removal of remaining LSM, cell debris and small cells like erythrocytes and thrombocytes the
PBMCs were distributed into 6 new tubes and subsequently washed with prewarmed
washing buffer (PBS without Ca** and Mg®*+ 5% complete medium) through centrifugation
first at 1024 xg, then at 545 xg and finally at 135 xg for 8 min at RT. After each centrifugation
step the pellet was resuspended in fresh prewarmed washing buffer. In the last washing step
the pellets were pooled into 4 tubes and the washing was repeated until the supernatant was
clear. For lysis of residual erythrocytes, the PBMCs were resuspended in 10 mL 0.15 M cold
ammonium chloride solution and incubated for 10-15 min at RT. Afterwards the cells were
again washed (washing buffer; 135 xg, 8 min), pooled in one tube and the cell number was
determined by automatically counting using a CASY cell counter. Subsequently isolation of
monocytes was achieved by plastic adherence.

2.2.1.7 Generation of hMDMs by plastic adherence and harvesting of differentiated
hMDMs

For monocyte isolation by plastic adherence 40x10%5 mL freshly isolated PBMCs were
seeded in a 25 cm? culture flask. Cells were incubated in complete medium in the presence
of 1% human serum at 37°C and 5% CO, for 90 min to allow the monocytes to adhere to the
plastic. The supernatant containing the non-adherent cells, mainly lymphocytes, residual
erythrocytes and thrombocytes, was discarded by gently washing the flasks two times with
prewarmed washing buffer.

For generation of human monocyte derived macrophages (hMDM), the adherent monocytes
were cultured in complete medium supplemented with the growth factors GM-CSF
(10 ng/mL) for generation of pro-inflammatory macrophages (hMDM type 1) or with
M-CSF (30 ng/mL) to differentiate monocytes to anti-inflammatory macrophages (hMDM
type Il). After differentiation for 5 - 7 days at 37°C with 5% CO, the hMDMs were harvested.
To detach the hMDMs from the plastic the culture flasks were put on ice for 15 - 30 min and
afterwards the cells were harvested with a cell scraper. Each culture flask was washed with
3-4 mL cold washing buffer which was added to the cells in a 50 mL tube. Finally the number

of hMDMs was counted using a CASY cell counter.

2.2.2 Chlamydiae infections
2.2.2.1 Chlamydiae organisms

Chlamydia pneumoniae (CWL strain 029 (ATCC® VR-1310™), Chlamydia trachomatis L2
(kindly provided by Jan Rupp) and eGFP-Chlamydia trachomatis L2 (kindly provided by
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Thomas Rudel in cooperation with lan Clarke) were propagated in HEp-2 cells as described

previously (Gieffers et al., 2004).

2.2.2.2Inactivation of C. pneumoniae

For heat inactivation a defined amount of C. pneumoniae was diluted in 1 or 2 mL of infection
medium in reaction tubes. The tubes were then heated at 95°C for 30 min. The heat killed
chlamydiae were stored in aliquots at -80°C. For infection experiments the heat killed

chlamydiae were handled as the viable chlamydiae.

2.2.2.3Infection procedure

Cells were seeded 24 hours prior to infection. Directly before infection of HEp-2 cells the
medium was removed and prewarmed infection medium (culture medium + C, 1 ug/mL) was
added. For infection of hMDMs the cells were transferred into complete medium without
penicillin-streptomycin but containing gentamycin (10 pg/mL) at least 24 hours before
infection. Chlamydiae were thawed and vortexed. For infection chlamydiae were added to
the cells in different infection doses (1, 10, 15, 25 or 30 IFU per cell) and then centrifuged
onto the cells with 896 xg for 1 h and at 37°C with acceleration and deceleration set at a
minimum level. Centrifugation was followed by incubation at 37°C and 5% CO, until the
desired time points were reached. As control cells without infection were used for each time

point.

2.2.2.4Preparation of chlamydiae stock solutions

For generation of chlamydiae stock solutions HEp-2 cells were seeded in a maximum of 8
6-well plates 24 h prior to infection with a density of 1.25 x 10° cells per well. Cells were
infected with 10 - 15 IFU per cell as described above (see 2.2.2.3). Infected cells were
harvested 42 - 45 h post C. trachomatis and 64 - 67 h post C. pneumoniae infection. The
cells were harvested in the medium using a cell scraper. The cells and the medium were
transferred in 50 mL tubes containing sterile glass beads. For chlamydial release each tube
was vortexed for 10 min. Cellular debris was pelleted by centrifugation for at least two times
by 1024 xg for 5 min at 4°C. This was followed by high speed centrifugation at 30100 xg for
90 min at 4°C to pellet the chlamydiae. The supernatant was removed and the chlamydial
pellet was strongly resuspended in 1 — 2 mL cold SPG buffer (sucrose-phosphate-glutamate
buffer, ph 7.3). Small aliquots of the chlamydiae stock solution were stored at -80°C. After
at least 24 h of storage the infectious titer was determined. For each infection, a fresh aliquot

of chlamydiae was thawed.
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2.2.2.5Determination of infectious stock solution titer

HEp-2 cells with a density of 0.3 x 10° cells per well were seeded 24 hours before infection in
a 24-well plate with glass cover slips in each well. For infection the medium was removed
and 1 mL prewarmed infection medium was added to each well. Different serial dilutions
(1:5 or 1:10 in infection medium) of the 1:50 pre-diluted chlamydiae stock solution were used
for infection as described above (see 2.2.2.3). After 30 h post C. trachomatis and 48 h post
C. pneumoniae infection the medium was removed and the cells were methanol fixed
for 10 min at RT. After removal of the methanol the cells were stained using an
IMAGEN™ Chlamydia kit (see 2.2.5.1). The developed inclusions of 10 microscopic fields of
view were counted using a Zeiss Observer with a 20x oil-immersion for C. trachomatis and a
40x oil-immersion for C. pneumoniae. The counting was performed in the appropriate dilution
with 10 - 20 inclusions per field of view. Each inclusion represented one
inclusion forming unit (IFU). The total number of IFUs per mL was calculated with the

following formula:

amount of counted inclusions x diameter of one well (200 mm?)
IFUs/mL =

amount of counted fields of view x used volume of chlamydiae x diameter field of view

The diameter of a field of view for 20x oil-immersion is 0,557 mm? and 0,139 mm? for 40x oil-
immersion. The diameter of one well from a 24-well plate was taken into account with
200 mm?. At the end the calculated number had to be multiplied with the dilution factor (x50),

as the stock solution was pre-diluted.

2.2.2.6 Chlamydial recovery

Chlamydial recovery assays are used to determine the amount of infectious chlamydiae after
a full developmental cycle in order to compare the bacterial development under different
conditions, for example chemical treatment or knockdown of host cell gene products. The
amount of newly produced infectious elementary bodies is assessed by titration experiments
as described (Beatty et al.,, 1993). Therefore, cells (HEp-2 or hMDM) were seeded in
6-well plates 24 h prior to infection and subsequently treated as desired or left untreated.
After infection with chlamydiae in infection medium for 45 h — 48 h (C. trachomatis) or
65 h - 72 h (C. pneumoniae) the cells were harvested with a cell scraper and the supernatant
was transferred into tubes containing glass beads. For chlamydial release each tube was
vortexed for 5 min, followed by several centrifugation steps (1024 xg, 5 min, RT) to remove
cellular debris. The chlamydiae-containing supernatant was then used for re-infection.
Thereby, the lysates were diluted serially and titrated onto fresh HEp-2 cells. 0.3 x10° cells

per well were seeded 24 h prior to infection in either a 24-well plate with glass cover slips in
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each well or in chamber slides. After centrifugation (only possible with 24-well plate) and
species-specific time of incubation, the cells were methanol fixed and stained as described
before (see 2.2.5.1), followed by quantification of the inclusion amounts. The quantity of
newly developed EBs was determined by comparing the number of inclusions of treated

against those of untreated infected cells.

2.2.3 Protein techniques
2.2.3.1SDS-PAGE and Western Blot analysis

Sample preparation

For generation of Western Blot samples cells were pelleted and lysed by resuspending in
1x Laemmli buffer (1x10° cells/ 100 pL). The samples were strongly vortexed and stored
at -20°C. Before using in Western Blot analysis the samples were heated at 95°C for 5 — 10

min followed by vortexing.

SDS-PAGE (Sodium Dodecyl Sulfate — Poly Acrylamide Gel Electrophoresis)

The expression of host cell and chlamydial proteins was analyzed by SDS-PAGE and
immunoblotting. SDS-PAGE is a standard method to analyze denatured proteins which are
separated according to their electrophoretic mobility depending on their molecular weight.
The proteins are first collected in a stacking gel (~ 4%) and then separated in a separation
gel which differs in its pH conditions to improve the sharpness. 12% or 15% separation gels
were prepared following a standard protocol (see 2.1.2). In each gel lane 20 pL of sample
was loaded. Besides, one lane was loaded with a prestained marker ladder as size reference
and empty lanes were filled with 1x Laemmli buffer. Proteins were electrophoretically
separated in a Mini-PROTEAN® Tetra cell (Bio-Rad) in 1x SDS running-buffer (see 2.1.2) at
constant 80 Volt for protein passage through the stacking gel. When the samples reached
the separating gel the voltage was increased to 100 V and the gel was stopped when the
bromophenol blue line approached the bottom line of the gel. SDS-PAGE gels were then

used for Western Blot.

Western Blot and band detection

For immunoblotting the separated proteins were transferred on a nitrocellulose membrane
using a semi-dry blot system and Western Blot blotting buffer (see 2.1.2) at a constant
1.5 mA/cm? for 60 min. After blotting the membranes were shortly washed in tris buffered
saline supplemented with tween (TBST) and subsequently incubated in

TBST + 5 % skimmed milk for 1 h at RT by gentle agitation on a shake table. This is required
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in order to prevent unspecific binding of the antibody during the following incubation steps.
Before incubation with the primary antibody milk leftovers were removed by a washing step
in TBST. The membrane was then exposed to the primary antibody at 4°C overnight with
gentle shaking. Primary antibodies are listed above (see 2.1.9). Equal loading and blotting
efficiency were verified by the use of antibody against a housekeeping gene of eukaryotic
cells. After overnight incubation the membranes were washed 3 times for 10 min in TBST
followed by incubation with a species specific horseradish peroxidase (HRP)-coupled
secondary antibody for 1 h at RT with gentle shaking (see 2.1.9). After additional 3 washing
steps for 10 min at RT, protein bands were visualized using enhanced chemiluminescence
(ECL) substrate according to the manufacturer’s protocol. Turnover of the substrate by the
horseradish peroxidase leads to generation of chemiluminescence which can be detected by
exposure of high performance ECL films to the membrane in the dark. The films were
developed in an Agfa Citrix 60 developer and scanned on a Hewlett Packard Scanjet G4050
flatbed scanner for digitalization. For subsequent antigen detection the membrane was again
blocked and prepared as described above. Protein amounts were quantified by densitometry
using ImageJ software.

2.2.4 ATP assay

For ATP measurement PhosphoWorks™ Luminometric ATP Assay Kit was used following
the manufacturer’s instructions. Cells were seeded 24 hours before infection and treatment in
white Nunclon™ Surface plates. Cells were infected with 10 and 30 IFUs and treated with
(w/) or without (w/0) Tanshinone IIA as described above. As control uninfected and untreated
cells were used. Directly after infection and treatment (0 hpi), 6 and 12 hours post infection
ATP amounts were measured. For ATP measurement 50 pL medium per well were removed.
To the remaining 50 pL medium within the well 50 pL of ATP solution was added.
ATP solution was prepared according to the manufacturer’s protocol and stored in aliquots to
avoid repeated thawing. Every step involving the ATP Assay Kit or its compounds was
performed in the dark, as the procedure is light sensitive. After adding the ATP solution, the
plate was wrapped up in aluminium foil and incubated for 15 min at RT. The developing

bioluminescence was then measured with a Tecan Infinite M200PRO microplate reader.
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2.2.5 Microscopic techniques
2.2.5.1Immunofluorescence analysis

For different analyses such as determination of the infection rate, infectious titer, the
chlamydial recovery or inclusion morphology 0.25 x10° cells per well were seeded 24 hours
prior to infection in either chamber slides or 24-well plates with a glass cover slips in each
well. Cells were infected as described and fixed with methanol after the desired infection
time. After removal of the methanol the cells were air dried and stained. For
immunofluorescence staining IMAGEN™ Chlamydia kit was used, containing an
FITC-labeled monoclonal antibody against chlamydia-LPS and a red staining for cytoplasm.
Before usage, 1 mL PBS was added to the staining solution. For each well 15 pL staining
solution was mixed with 10 uL PBS. Cells were counterstained with 0.5 pL DAPI per well to
visualize nuclei and chlamydial DNA. The mixed staining solution was added to the cells and
was incubated for 20 min at 37°C with 5% CO,. To avoid the staining solution to dry on the
cells, the surrounding of wells was kept wet with PBS. After incubation the wells were
washed at least twice with PBS and afterwards air dried. The glass cover slips were put on
a microscope slide in a drop of mountain fluid with the cell side downwards. The incubation
chambers of the chamber slides were removed and some drops of mountain fluid were
added before a glass cover slip was put onto the chamber slide. The slides were analyzed
using a Zeiss Observer with a 20x or 40x oil-immersion and a Zeiss LSM7 Live with a
63x oil-immersion. Quantification of infection was assessed by counting at least 300 cells
randomly. Inclusion size was measured using ImageJ analysis. Briefly, a threshold algorithm
was run over FITC/DAPI images following area measurement of the inclusions. The slides

were stored at 4°C in the dark and could be used several weeks.

2.2.5.2Immunofluorescence staining of c-Jun protein in hMDMs

Expression of c-Jun protein in infected and uninfected hMDM was assessed by indirect
antibody staining. Therefore, 0.3 x10° hMDM per well were seeded in a chamber slide. After
infection or incubation for the desired time the medium was removed and the cells were fixed
with 100 yL 4% paraformaldehyde (PFA) for 10 min on ice. Subsequently, cells were washed
with 100 pL buffer A (PBS + 1% BSA, 1% FCS, 1% human serum) and permeabilized using
100 pL of a saponin containing buffer B (PBS + 0.5% saponin, 1% BSA, 1% FCS, 1% human
serum). The primary antibody c-Jun and the isotype control (see 2.1.9) were diluted in
100 pL buffer B, added to the cells and incubated for 30 min on ice in the dark. Washing with
buffer B removed unbound antibody and was followed by incubation with a secondary

fluorochrome-conjugated antibody for 30 min on ice in the dark. Additionally, the cells were
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counterstained with DAPI. Afterwards the cells were again washed with 100 uL buffer and
subsequently with 100 uL buffer A. The incubation chamber was removed and the slide was
air dried. The slide was then mounted in ProLong® Gold Antifade Reagent to suppress
photobleaching and preserve the signals of target molecules and the cover slip was sealed
with nail polish. The slides were then analyzed with a Zeiss Observer. For storage the slides

were put in the dark at 4°C.

2.2.5.3Live cell imaging

To investigate dynamic infection processes, such as chlamydial transfer, in a physiological
surrounding live cell imaging experiments were performed using a LSM 7 Live (Zeiss)
confocal laser scanning microscope with an incubation chamber. The incubation chamber
provided optimal culturing conditions for the cells with 37°C and 5% CO,. For experiments
cells were seeded in ibidi imaging dishes. For proper visualization hMDM were stained with
a Deep Red plasma membrane stain (see 2.1.8). Therefore the cells were incubated for
at least 30 min in presence of the plasma stain at 37°C. Afterwards 1% FCS was added and
the cells were washed by centrifugation (135 xg, 8 min, RT). The cells were then
resuspended in fresh medium and seeded in the imaging dishes. For visualization of
apoptotic blebs an Annexin V staining was used. Annexin V binds the apoptosis marker
phosphatidylserine in a Ca®+-dependent way with high affinity. For the staining a
fluorophore-conjugated Annexin V was added to the cells. Live cell imaging data was
analyzed with Zen Black 2012 or Zen Blue 2012 Software.

2.2.5.4Electron microscopy

For transmission electron microscopy C. trachomatis infected hMDM were prepared as
described previously (van Zandbergen et al., 2004b). Briefly, infected hMDM were incubated
for 48 h. Afterwards cells were fixed using 5% glutaraldehyde in PBS (pH 7.4) for 1 h at 4°C.
Samples were then treated with 1% osmium tetroxide followed by block contrasting with
tannin (0.1 % in 50 mM HEPES). The samples were dehydrated in graded ethanol series,
infiltrated with propylenoxide and finally embedded in Epon. Epon polymerization was
performed at 60°C for 48 h. Samples were analyzed with a transmission electron microscope
Zeiss EM 1009.
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2.2.6 Molecular biology methods
2.2.6.1siRNA transfection of HEp-2

For siRNA transfection the Stemfect™ RNA Transfection Kit (Stemgent) was used. Prior to
the knockdown (KD) experiments HEp-2 cells were seeded in 6-well plates 24 hours before
transfection. For the siRNA KD approach the medium was removed and the cells were
washed with sterile PBS to remove the medium leftovers. This was followed by another
washing step with 1 mL DMEM without supplements and afterwards 1 mL DMEM without
supplements per well was added. For transfection c-Jun or c-Fos siRNA smart pool,
transfection reagent (mock control), non-target siRNA (allstar control, siRNA AllStars
Negative Control) was used according to the manufacturer’s instructions or cells were left
untreated (medium control). Briefly, for each well 20 yM of each siRNA was mixed with
20 uM of Stemfect Buffer to prepare solution A and 4.6 pl of Stemfect Reagent was mixed
with 20 yl Stemfect Buffer to prepare solution B. In a timeframe of 5 min, both solutions were
mixed and the siRNA transfection complex was incubated for 20 min at RT. Afterwards, the
siRNA transfection complex solution was added drop wise to the cells. By gently shaking of
the plate an even distribution within the well was ensured. Next, cells were incubated at 37°C
with 5% CO,, harvested 24 hours post transfection (24 hpt) using trypsin-EDTA (see 2.2.1)
and counted with a CASY cell counter. Knockdown efficacy was assessed by qRT-PCR and
Western Blot analysis. Furthermore, cells were seeded for infection (10 IFU) experiments
either in 24-well plates (for gRT-PCR and Western Blot analysis) or in chamber slides (for
immunofluorescence analysis) for the desired incubation time. For data analysis

normalization was performed against mock control.

2.2.6.2RNA isolation

Eukaryotic and bacterial RNA was isolated using the RNeasy Plus Mini Kit according to the
manufacturer's instructions. Briefly, 0.3 - 1 x 10° HEp-2 or 0.5 — 1.5 x 10° hMDM were
pelleted and afterwards washed by resuspending in cold PBS followed by another
centrifugation. The supernatant was discarded and the pellet was then either stored at -80°C
or directly used for RNA isolation. For RNA isolation the pellet was lysed in 350 pL
RLT-buffer by repeatedly resuspending. The lysate was then transferred to a gDNA
Eliminator spin column to remove genomic DNA which gets caught in the column by
centrifuging at 15300 xg for 30 sec at RT. The flow-through containing the RNA was mixed in
a ratio of 1:1 with 350 pL 70% ethanol and subsequently loaded on a RNeasy spin column.
To precipitate the RNA onto the column it was centrifuged at 15300 xg for 30 sec at RT. The

flow-through was discarded and the column was washed once with 700 yL buffer RW1 and
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twice with 500 uL RPE buffer (15300 xg, 30 sec, RT). The column was then dried by
centrifugation in a fresh collection tube at 15300 xg for 1 min at RT. For RNA elution, 30 uL
RNase-free water were added to the column and centrifuged at 15300 xg for 1 min at RT.
The eluted RNA was put on ice for further use or stored at -80°C for a later use.

RNA concentration was measured in duplicates using a NanoDrop 2000c UV-Vis

spectrophotometer. Before cDNA synthesis RNA was used as template in a Test-PCR.

2.2.6.3Test-PCR

To assure that the RNA is free of genomic DNA a Test-PCR using GAPDH primer (see 2.1.7)
was performed. Amplification leading to a detectable product can only occur if DNA is
present in the samples, because the primers do not bind to RNA. As positive control cDNA
and as negative control water was used as template instead of the RNA. A master mix was
prepared, distributed to PCR tubes and the templates were added. For each reaction the

following master mix was pipetted:

volume [pL] reagent concentration
X RNA / cDNA / ddH,O >100ng
5 NEB Tag-buffer [10x] 1x
1 forward primer [10 pM] 0.2 yM
1 reverse primer [10 pM] 0.2 yM
5 dNTP-Mix [2 mM each] 0.2 mM
0.25 NEB Tag-polymerase [5 U/uL] 1.25U
ad 50 ddH,0O -

The PCR tubes were gently mixed and centrifuged at 800 xg for a few seconds.

Subsequently the PCR was performed according to the following program:
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steps temp [°C] time
initial denaturation 95 30sec
amplification 30 cycles

denaturation 95 30 sec
annealing 60 30 sec
elongation 68 30 sec
final elongation 68 10 min
cooling 4 9

PCR products were separated on a 2% TAE agarose gel which was supplemented with

ethidium bromide and DNA bands were visualized with ultraviolet light.

2.2.6.4cDNA synthesis by reverse transcription

To generate complementary DNA (cDNA) the ImProm-Il Reverse Transcription System™

was used according to the manufacturer’s instructions. Briefly, 100 ng of HEp-2 RNA or

50 ng of hMDM RNA was used for the reaction. As negative control water was added instead

of RNA to one sample. For one reaction the following mix was prepared:

volume [pL] reagent concentration
1 ImProm-1I"™ Random Primer Mix 5 g
X RNA template 50 ng (hMDM) / 100 ng (HEp-2)
ad 5 ddH,O -

The PCR tubes were gently mixed and centrifuged at 800 xg for a few seconds. The mix was

thermally denatured for 5 min at 70°C and subsequently cooled down for at least 5 min.

A reverse transcription reaction mix was added with the following reagents for one reaction:
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volume [pL] reagent concentration
6.5 Nuclease-free H,O -
ImProm-1I™ 5x Reaction Buffer 1x
MgCl,(25 mM) 2.5 mM
1 dNTP Mix (10 mM each) 0.5 mM
0.5 recombinant RNasin® 10-20U
Ribonuclease Inhibitor (20-40 U/uL)
1 ImProm-1I™ Reverse Transcriptase
15 uL

Again the PCR tubes were gently mixed and shortly centrifuged at 800 xg. Reverse

transcription was performed using the following program:

step temp [°C] time

annealing 25 5 min
cDNA synthesis 42 60 min
inactivation 70 15 min
cooling 4 0

The cDNA could now be used for quantitative real-time PCR or had to be stored at -20°C

until usage.

2.2.6.5Quantitative real-time PCR

For determination of target gene expression cDNA was analyzed via quantitative real-time
PCR (gRT-PCR) using a Light Cycler 480 and a master mix which contains the fluorescent
dye SYBR Green (MESA BLUE gPCR Master Mix Plus) according to the manufacturer's
instructions. The fluorescent SYBR Green intercalates into double-strand DNA and the
arising fluorescence signal is thereby proportional to the amount of amplified DNA. As the
quantification can be followed during the reaction progress the PCR is called “real-time”
PCR. Determination of the target gene expression was achieved by the use of specific
primers as listed above (see 2.1.7). Prior to usage in qRT-PCR the primer efficacy was
tested for each primer pair.

For one reaction the following mix was prepared:
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volume [pL] reagent concentration
10 MESA BLUE gPCR Master Mix 1x
6 (2x)ddH,0O -
1 forward primer [10uM] 0.5 uM
1 reverse primer [L0uM] 0.5 uM
2 cDNA / H,O undiluted
15 pL

The mix for one reaction was transferred to one well of a white 96-well plate in duplicates for
each condition. As negative control 2 pL water was added instead of 2 uL cDNA template.
The following qRT-PCR program was used:

steps temp [°C] time °Clsec
activation 95 10 min 4.4
amplification 45 cycles
denaturation 95 10 sec 4.4
annealing 60 5 sec 2.2
elongation 72 10 sec 4.4
melting curve 95 1 sec 4.4
50 30 sec 2.2
95 0 sec 0.11
cooling 40 15 sec » 2.2

For data analysis the applied software LC480 (version 1.5.0 SP4) was used. Relative gene

2-58CT method as

expression was calculated by using the CT-value (cycle threshold) and the
previously described (Livak and Schmittgen, 2001). The CT-value specifies the cycle in

which the fluorescence signal exceeded the background signal for the first time.

2.2.7 Statistical analysis

Numerical data are presented as the mean + standard deviation (SD) or standard error of the
mean (SEM). All data were assumed to be distributed normally. Data were consequently
analyzed by paired Student’s t-test (two tailed distribution) using Microsoft Excel 2010 and
GraphPad Prism4 software. Values of p< 0.05 (*), p< 0.01 (**) and p< 0.001 (***) were

considered significant.
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3 Results

3.1 Partl

3.1.1 AP-1 proteins are regulated during C. pneumoniae infection

To investigate if AP-1 is regulated during C. pneumoniae infection, we first determined the
protein expression of the AP- 1 components c-Jun, c-Fos and ATF-2 over time by using
Western Blot analysis. We therefore infected HEp-2 cells with either a low dose (10 IFUs) or
a high dose (30 IFUs) of C. pneumoniae or stimulated the cells with heat killed
C. pneumoniae (Figure 7). Protein expression of c-Jun was not found to be regulated at
early time points (4 and 24 hpi) after infection. At later time points (48 hpi and 72 hpi) the
expression of c-Jun clearly increased upon infection with either a low or high dose of
C. pneumoniae infection, but remained unchanged upon stimulation with heat killed
C. pneumoniae. The expression of c-Fos protein after 4 h was up-regulated after infection
with a high dose or stimulation with heat killed C. pneumoniae, whereas after infection with a
low dose the expression decreased. After 24 h the c-Fos expression remained reduced after
infection with a low dose or after stimulation with heat killed C. pneumoniae, but infection
with a high dose did not alter c-Fos expression level. After 48 h only the c-Fos expression in

cells infected with a low dose was changed and showed a decrease.
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Figure 7: AP-1 proteins are differentially regulated after C. pneumoniae infection. Lysates from uninfected
HEp-2 cells or HEp-2 cells infected with 10 IFU (low dose), 30 IFU (high dose) or stimulated with heat killed
C. pneumoniae (Cpn) were prepared at various time points after infection (4 hpi, 24 hpi, 48 hpi and 72 hpi). Using
Western Blot analysis protein expression of c-Jun, c-Fos, ATF-2 and R-actin was analyzed at the indicated time
points. Immunoblots are representative for six independent experiments (n = 6).

At late time points (72 hpi) c-Fos expression was reduced upon infection with a low or high
dose, while the stimulation with heat killed C. pneumoniae did not result in changes of the
c-Fos expression. Regarding ATF-2 protein expression no clear differences could be
observed after 4 h of infection. However, protein expression decreased after 24 h in cells

infected with high dose or stimulated with heat killed C. pneumoniae. After 48 hours the
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expression of ATF-2 was not altered in infected cells, but increased after stimulation with
heat killed C. pneumoniae. At late time points (72 hpi) the ATF-2 expression was reduced
after infection with both infection doses, however the decrease was more pronounced in cells
which were infected with a high dose of C. pneumoniae.

Subsequently, we quantified protein expression using densitometry analysis. We did not
observe a difference in c-Jun protein expression after 4 h (Figure 8 A). However, 24 h after
infection the protein level of c-Jun increased with a low dose of infection and the increase
was significant with a high dose of infection. At later time points, 48 and 72 hours after
infection, c-Jun protein expression remained significantly up-regulated. Of note, stimulation
with heat killed C. pneumoniae did not alter AP-1 protein expression over time. When we
focused on c-Fos and ATF-2 protein expression we found no significant differences in
expression level in comparison to the uninfected control at 4 hpi, 24 hpi and 48 hpi (Figure 8
B-C). In contrast, after 72 hpi the protein expression of c-Fos and ATF-2 was significantly
down-regulated in infected cells (low or high dose), but did not significantly change upon
stimulation with heat killed C. pneumoniae.
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Figure 8: After C. pneumoniae infection AP-1 protein expression is regulated in a time and dose
dependent manner. Lysates from uninfected or infected HEp-2 cells with 10 IFU (low dose), 30 IFU (high dose)
or stimulated with heat killed C. pneumoniae were prepared at various time points after infection (4 hpi, 24 hpi, 48
hpi and 72 hpi) (A-C) Quantification of protein expression over time of (A) c-Jun, (B) c-Fos and (C) ATF-2 using
densitometry. Data were normalized against control and presented as mean + SD. Data are representative for six
independent experiments (n = 6). *p<0.05, **p<0.01, *** p<0.001

In addition to protein expression, we assessed the mRNA levels of c-Jun and c-Fos using
gRT-PCR. Similar to protein expression we found that gene expression of c-Jun was
significantly up-regulated 48 hours after infection with low or high dose of C. pneumoniae
(Figure 9 A). Regarding c-Fos, mRNA levels were elevated which contradicts the data
observed for c-Fos protein expression (Figure 9 B). In all, we find that C. pneumoniae
regulates AP-1 protein expression and activity levels, both in a time and dose dependent

manner.
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Figure 9: C. pneumoniae infection leads to up-regulation of c-Jun and c-Fos gene expression over time.
MRNA of uninfected or HEp-2 cells infected with 10 IFU (low dose), 30 IFU (high dose) or stimulated with heat
killed C. pneumoniae was isolated 4 hpi and 48 hpi. Relative gene expression of (A) c-Jun and (B) c-Fos
4 hpi and 48 hpi was assessed using gRT-PCR. Data were normalized against the uninfected control and
presented as mean + SD. Data are representative for four independent experiments (n = 4). *p<0.05, *** p<0.001

In a next step we used Western Blot analysis to assess the phosphorylation status of the
AP-1 proteins which was in complete accordance with the regulation of the c-Jun, c-Fos or
ATF-2 protein expression (Figure 10). Densitometry analysis revealed that phosphorylation
of c-Jun was up-regulated 4, 48 and 72 hpi and the up-regulation was significant for infection
with both, low and high dose of C. pneumoniae, after 4 and 72 hpi (Figure 11 A). While
phosphorylation levels of c-Jun increased over time, the quantity of phosphorylated c-Fos
and ATF-2 significantly decreased. Regarding c-Fos protein, phosphorylation was not
changed 4 hpi, but started to decrease significantly 24 hours after infection with a high dose
of C. pneumoniae and remained significantly reduced up to 72 hpi (Figure 11 B). During
infection with a low dose of C. pneumoniae we also observed a significant reduction of

phosphorylation at this late time point (72 hpi). In addition, also for ATF-2 protein a decline of

51



Results

the phosphorylation level was detectable. Infection with a high dose of C. pneumoniae

resulted in significant less phosphorylation of ATF-2 at 48 and 72 hpi (Figure 11 C).
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Figure 10: C. pneumoniae infection regulates phosphorylation of AP-1 proteins. Lysates from uninfected
HEp-2 cells or HEp-2 cells infected with 10 IFU (low dose), 30 IFU (high dose) or stimulated with heat killed
C. pneumoniae (Cpn) were prepared at various time points after infection (4 hpi, 24 hpi, 48 hpi and 72 hpi).
By Western Blot analysis protein phosphorylation of c-Jun, c-Fos, ATF-2 and expression of B-actin were analyzed
at the indicated time points (4 hpi and 72 hpi). Immunoblots are representative for at least three independent
experiments (n = 3 - 6).
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Figure 11: Phosphorylation of AP-1 proteins is regulated in a time and dose dependent manner during
C. pneumoniae infection. Lysates from uninfected or HEp-2 cells infected with 10 IFU (low dose), 30 IFU (high
dose) or stimulated with heat killed C. pneumoniae (Cpn) were prepared at various time points after infection
(4 hpi, 24 hpi, 48 hpi and 72 hpi). (A-C) Using densitometry, protein phosphorylation of (A) c-Jun, (B) c-Fos and
(C) ATF-2 was quantified during C. pneumoniae infection of HEp-2 cells. Data were normalized against the
uninfected control (dashed grey line). Data are presented as mean + SD. Data and immunoblots are
representative for at least four independent experiments (n = 4 - 6). *p<0.05, **p<0.01, *** p<0.001

3.1.2 Establishment of a siRNA knockdown approach

We could demonstrate that infection with C. pneumoniae results in a significant up-regulation
of c-Jun protein expression and phosphorylation. Subsequently we investigated whether an
increased expression of c-Jun would be beneficial for intracellular growth and progeny of
C. pneumoniae. Therefore we performed c-Jun specific sSiRNA knockdown experiments in
HEp-2 cells.
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Figure 12: c-Jun siRNA treatment leads to reduced c-Jun mRNA expression. HEp-2 cells were treated with
c-Jun siRNA (c-Jun KD) or transfection reagent (control) for 24 hours. After transfection (24 hpt) cells were
infected with 10 IFU of C. pneumoniae. mRNA was isolated 24 hpt as well as after 24 hpi, 48 hpi and 72 hpi.
Relative gene expression of c-Jun (A) in uninfected KD cells and (B) C. pneumoniae (Cpn) infected KD cells was
assessed using qRT-PCR. Data were normalized against the mock control (control; dashed line). Data, presented
as mean = SD, are representative for seven independent experiments (n = 7). *p<0.05, **p<0.01, *** p<0.001

We assessed c-Jun knockdown efficacy on mRNA level by using gqRT-PCR. We determined
the c-Jun mRNA expression in absence (Figure 12 A) or presence (Figure 12 B) of
C. pneumoniae infection. After 24 hours of transfection (24 hpt) the c-Jun mRNA expression
was significantly reduced (0.6 = 0.2) in comparison to c-Jun mRNA expression of control
cells (1.0 £ 0.0) (Figure 12 A-B). The c-Jun mRNA level remained significantly reduced up to
72 hpt in uninfected c-Jun KD cells (48 hpt 0.3 £ 0.1; 72 hpt 0.5 + 0.4; 96 hpt 0.7 = 0.3)
(Figure 12 A). In addition, in C. pneumoniae infected c-Jun KD cells the mRNA expression
decreased even more, being significantly diminished over time (24 hpi 0.3 £ 0.1; 48 hpi 0.4
0.3; 72 hpi 0.3 £ 0.2) (Figure 12 B).
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We continued to investigate the c-Jun knockdown efficacy on protein level using
Western Blot analysis. After 24 h of transfection we could detect less c-Jun protein after
siRNA treatment in comparison to untreated or control cells (Figure 13 A). We analyzed
c-Jun protein levels at later time points in either uninfected or C. pneumoniae infected cells
(Figure 13 B). In c-Jun siRNA treated cells the amount of c-Jun protein was always strongly
reduced compared to the untreated or control cells. Of note, in the C. pneumoniae infected

cells c-Jun expression was up-regulated as already seen in our initial experiments depicted

in Figure 7.
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Figure 13: Establishment of a stable c-Jun siRNA knockdown on protein level. HEp-2 cells were treated with
c-Jun siRNA (c-Jun KD), allstar siRNA, transfection reagent (mock) or left untreated (control). Lysates were
prepared 24 hours after transfection (24 hpt) and 24 hpi, 48 hpi and 72 hpi. (A-B) Western Blot analysis was used
to determine c-Jun knockdown efficacy in HEp-2 cells (A) 24 hours post transfection (24 hpt) and (B) 24, 48 and
72 hours post C. pneumoniae (Cpn) infection (hpi). Immunoblots are representative of seven independent
experiments (n = 7).

We proceeded to quantify c-Jun protein levels using densitometry. We discovered that the
c-Jun siRNA treated cells expressed only low amounts of c-Jun protein. Already 24 hpt a
significant decrease in c-Jun protein amount was detectable. Expression of c-Jun protein
was reduced to 30.4% (+ 22.1%) compared to the amount of c-Jun expressed in control cells
(100% = 0.0%) (Figure 14 A+B). Without infection the c-Jun protein continued to be
expressed significantly lower, with 44.7% (+ 23.6%) of c-Jun protein 48 hpt, 19.1% (+ 8.6%)
of c-Jun protein 72 hpt and 23.4% (+ 10.7) of c-Jun protein after 96 hpt (Figure 14 A). Also
during C. pneumoniae infection the c-Jun protein expression was significantly decreased with
34.6% (+ 21.6%) c-Jun 24 hpi, 29.1% (+ 24.7%) c-Jun 48 hpi and 24.7% (+ 25%) of c-Jun

72 hpi compared to control cells without c-Jun siRNA treatment (Figure 14 B).
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Figure 14: Protein level of c-Jun are significantly decreased after siRNA knockdown independent of
C. pneumoniae infection. Lysates from HEp-2 cells treated with c-Jun siRNA (c-Jun KD) or transfection
reagent (control) were used to determine c-Jun knockdown efficacy 24 hours after transfection (24 hpt) and
24, 48 and 72 hours post C. pneumoniae (Cpn) infection (hpi). Using densitometry protein expression of
(A) uninfected c-Jun KD cells and (B) infected with 10 IFU of Cpn was quantified. Data were normalized
against the control. Data are presented as mean * SD. Data are representative for seven independent
experiments (n = 7). *** p<0.001

The Jun/c-Fos heterodimer represents the predominant variant of transcription factor
AP-1. To strengthen our hypothesis that the c-Jun protein is critical for chlamydiae
development, we wanted to establish c-Fos knockdown as a control. Therefore we treated
the cells with c-Fos specific sSiRNA. We determined c-Fos knockdown efficacy first on
MRNA level with gRT-PCR. Similar to the c-Jun siRNA knockdown, the treatment with
c-Fos siRNA resulted in a significant reduction of the c-Fos mRNA levels 24 hpt
(Figure 15 A). The analysis of c-Fos protein expression using Western Blot showed, that
c-Fos protein expression in these cells was not affected and remained stable
(Figure 15 B).
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Figure 15: c-Fos siRNA treatment reduces c-Fos mRNA but not c-Fos protein expression. HEp-2 cells were
treated with c-Jun or c-Fos siRNA (c-Jun KD/c-Fos KD), allstar siRNA, transfection reagent or left untreated. After
24 hours of transfection (24 hpt) lysates were prepared and mRNA was isolated. (A) Relative gene expression of
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c-Fos was assessed using gRT-PCR. (B) Western Blot analysis of the indicated proteins 24 hpt. Data were

normalized against the control and are presented as mean + SD. Data and immunoblots are representative of
three independent experiments (n = 3). *p<0.05

3.1.3 Knockdown of c-Jun protein impairs C. pneumoniae infection

To assess the consequence of the decreased c-Jun mRNA and protein level on
C. pneumoniae infection we analyzed the infection using a chlamydiae specific staining and
immunofluorescence microscopy (Figure 16 A+B). We infected untreated and c-Jun KD
HEp-2 cells with C. pneumoniae and compared their infection morphology 48 hpi. Infection of
untreated cells resulted in the development of typical chlamydiae inclusions, characterized by
a large and round shaped morphology (Figure 16 A), while the inclusions in the siRNA
treated cells were found to be smaller (Figure 16 B). In addition, we observed that more
inclusions (5.1% + 7.6%) were present in the control cells as compared to the cells treated
with ¢-Jun specific siRNA (Figure 16 C). Quantification of the inclusion size revealed that in
the c-Jun KD cells the inclusion size was reduced by 20% (+ 13.7%) compared to the size of
the inclusions in the control cells (Figure 16 D).
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Figure 16: c-Jun siRNA knockdown leads to formation of smaller C. pneumoniae inclusions.
C. pneumoniae (Cpn) infected HEp-2 cells (B) with and (A) without c-Jun knockdown were methanol fixed 48 hpi
and immunostained with IMAGEN Chlamydia kit (chlamydiae-LPS green; cytoplasm red) and counterstained with
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DAPI (blue). The white arrows point to C. pneumoniae inclusions. (C-D) From immunofluorescence images the
(C) amount of replicative inclusions and the (D) size of control and c-Jun KD cells were quantified during
Cpn infection. Data were normalized against the control. Data represent the mean * SD. Data and
immunofluorescence images are representative of four independent experiments (n = 4).

To further investigate this decrease in inclusion size, we used Western Blot analysis. We
checked protein expression of C. pneumoniae major outer membrane protein (MOMP) to
gain information about the chlamydial development. Indeed, the shrinkage of the inclusions
was accompanied by a reduction of MOMP protein expression, as we detected less MOMP
in the c-Jun KD cells compared to untreated or control cells (Figure 17 A). With Western Blot
analysis MOMP protein was only detectable 48 and 72 hpi, but not 24 hpi. Quantification with
densitometry showed that in the c-Jun KD cells 74.6% (+ 24.6%) of the MOMP protein was
expressed compared to the amount of MOMP expressed in the infected control cells (100%)
(Figure 17 B).
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Figure 17: Loss of c-Jun protein results in a reduction of the MOMP protein. HEp-2 cells were treated with
c-Jun siRNA (c-Jun KD), allstar siRNA or transfection reagent (mock) or left untreated. (A) Western Blot analysis
of MOMP protein 48 hpi. (B) Quantification of protein MOMP expression 48 hpi using densitometry, normalized to
control. Data represent the mean + SD. Data and immunoblots are representative of four independent
experiments (n = 4).

To further characterize the effect of the c-Jun knockdown on C. pneumoniae infection we
analyzed the chlamydial load in either control or c-Jun KD cells via gRT-PCR. In
concordance with the smaller inclusions and decreased MOMP expression, we detected

a reduction of C. pneumoniae 16S RNA in the c-Jun knockdown cells over time (Figure 18).
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Figure 18: c-Jun siRNA knockdown reduces C. pneumoniae load. HEp-2 cells treated with c-Jun siRNA
(c-Jun KD) or transfection reagent (control) were infected with 10 IFU of C. pneumoniae. mMRNA was isolated
24, 48 and 72 hpi and relative Cpn load was assessed using qRT-PCR. Data were normalized against control and
represent the mean + SD. Data are representative of seven independent experiments (n = 7).

Additionally, we assessed the impact of the c-Jun knockdown on the ability of chlamydial
recovery. Interestingly, the recovery after c-Jun KD was significantly reduced and resulted in
the formation of fewer inclusions (85.1% + 7.3%) as compared to control cells (100% =+ 0.0%)
(Figure 19).
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Figure 19: Reduction of c-Jun protein impairs C. pneumoniae recovery. HEp-2 cells were infected for
48 hours with C. pneumoniae extracted from infected control cells or c-Jun siRNA KD cells. Afterwards (48 hpi)
cells were methanol fixed and immunostained. To determine chlamydial recovery the relative IFUs were
quantified by randomly counting the inclusions of at least 300 cells. Data were normalized against the control and
represent the mean = SD. Data are representative of three independent experiments (n = 3). *p<0.05
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3.1.4 Blocking AP-1 mediated transcription results in chlamydiae growth

restriction

We showed that c-Jun knockdown had a negative effect on C. pneumoniae development.
As c-Jun is part of the AP-1 complex, we next investigated if the role of c-Jun in the AP-1
mediated transcription is essential for chlamydial development. Therefore we used
Tanshinone IIA as a specific inhibitor of c-Jun/cFos AP-1 complexes, which prevents AP-1
DNA binding (Park et al., 1999). In our experiments we applied Tanshinone IIA (25 puM) in
parallel to C. pneumoniae infection. To assess the effect of Tanshinone IIA treatment on
chlamydial development we first determined the C. pneumoniae load (expression of
chlamydial 16S rRNA) with gRT-PCR. We observed that after Tanshinone IIA treatment the
chlamydial load of C.pneumoniae inside the HEp-2 cells strongly decreased
(1 IFU: 157-fold; 10 IFU: 62-fold; 25 IFU: 46-fold) (Figure 20)
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Figure 20: Tanshinone IIA treatment decreases C. pneumoniae load. HEp-2 cells were infected with
C. pneumoniae (1, 10 or 25 IFUs) and in parallel treated with (w/) or without (w/0) Tanshinone IIA (TIIA, 25 puM).
After 48 hours the cells were harvested followed by mRNA isolation. Quantification of relative chlamydial load was
assessed using gRT-PCR. Data, presented as mean + SD, and immunofluorescence images are representative
of three independent experiments (n = 3).

Subsequently, we checked the effect of Tanshinone IIA on infection morphology by the use
of chlamydiae specific immunofluorescence staining. We observed that in comparison to
control cells (w/o Tanshinone IIA, Figure 21 A), which exhibit a typical replicative infection
phenotype, the inclusions were smaller with an aberrant shape (Figure 21 B). We quantified
the aberrant inclusions and found that after Tanshinone IlIA treatment, the majority
(98.4% = 0.6%) of all inclusions exhibited an aberrant shape, while in the untreated cells only

few inclusions had such an aberrant morphology (4.1% * 0.6%) (Figure 21 C).
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Figure 21: Tanshinone IIA treatment limits inclusion development. HEp-2 cells were infected with
C. pneumoniae (1, 10 or 25 IFUs) and in parallel treated with (w/) or without (w/0) Tanshinone lIA (TIIA, 25 pM).
After 48 hours the cells were fixed with methanol, immunostained with IMAGEN Chlamydia kit (chlamydiae-LPS
green; cytoplasm red) and counterstained with DAPI (blue). (A) Untreated cells with typical C. pneumoniae
inclusions and (B) aberrant C. pneumoniae inclusions after TIIA treatment. (C) Aberrant inclusions were
quantified in C. pneumoniae infected cells w/ and w/o TIIA. Data, presented as mean = SD, and
immunofluorescence images are representative of four independent experiments (n = 4). *** p<0.001

Since Tanshinone IIA treatment had such a strong effect on C. pneumoniae development,
we assessed the effect of the inhibitor on other chlamydiae species. For that reason we used
C. trachomatis and eGFP-C. trachomatis in the same experimental setting. First we
guantified the chlamydial load of untreated and Tanshinone IIA treated HEp-2 cells which
were infected with C. trachomatis. Preliminary data suggest a decrease in chlamydial load
(16S rRNA) after Tanshinone IIA treatment (1 IFU: 87-fold; 10 IFU: 8-fold; 25 IFU: 17-fold;
n =1) (Figure 22 A) which was not as strong as in C. pneumoniae infected cells (see Figure
20). Moreover, in comparison to the large inclusions of untreated cells (Figure 22 B), the
inclusions in the Tanshinone IIA treated cells also seemed to decrease in size (Figure 22 C).
Nevertheless, the reduction of inclusion size for C. trachomatis was not as pronounced as

observed for C. pneumoniae (see Figure 21 A+B).
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Figure 22: Tanshinone IIA treatment reduces C. trachomatis load and inclusion size. HEp-2 cells were
infected with C. trachomatis (1, 10 or 25 IFUs) and in parallel treated with (w/) or without (w/o) Tanshinone IIA
(THA, 25 pM). After 48 hours the cells were harvested followed by mRNA isolation. (A) Quantification of relative
chlamydial load was assessed using qRT-PCR. (B-C) Infected cells (10 IFU) (B) w/o and (C) w/ TIIA were fixed
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after 48 hours with methanol, immunostained with IMAGEN Chlamydia kit (chlamydiae-LPS green; cytoplasm red)
and counterstained with DAPI (blue). Data is presented as mean + SD. Immunofluorescence images are
representative of three independent experiments (n =1 - 3).

In addition, preliminary data suggest similar effects of Tanshinone IIA treatment in
eGFP-C. trachomatis infected cells. The chlamydial load decreased upon Tanshinone IIA
treatment (1 IFU: 10-fold; 10 IFU: 24-fold; 25 IFU: 19-fold; n = 1) (Figure 23 A), however to a
lesser extent as observed for C. pneumoniae ( see Figure 20). The effect of Tanshinone IIA
on infection morphology showed again that, compared to the large inclusions in the untreated
cells (Figure 23 B), the size of the inclusions after Tanshinone IlA treatment was reduced
(Figure 23 C). The reduction of inclusion size we observed upon TIA treatment for
eGFP-C. trachomatis was comparable to that observed for the wildtype C. trachomatis.
Of note, the reduction of inclusion size for both, the transgenic and the wildtype

C. trachomatis, was not as pronounced as seen for C. pneumoniae.
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Figure 23: Tanshinone IIA treatment reduces eGFP-C. trachomatis load and inclusion size. HEp-2 cells
were infected with eGFP-C. trachomatis (1, 10 or 25 IFUs) and in parallel treated with (w/) or without (w/0)
Tanshinone 1A (THA, 25 pM). After 48 hours the cells were harvested followed by mMRNA isolation.
(A) Quantification of relative chlamydial load was assessed using qRT-PCR. (B-C) Infected cells (10 IFU)
(B) w/o and (C) w/ TIIA were fixed after 48 hours with methanol, immunostained with IMAGEN Chlamydia kit
(chlamydiae-LPS green; cytoplasm red) and counterstained with DAPI (blue). Data is presented as mean + SD.
Immunofluorescence images are representative of three independent experiments (n =1 - 3).
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3.1.5 Tanshinone IIA treatment induces a persistence-like C. pneumoniae

phenotype

To investigate if Tanshinone IIA treatment causes a persistent C. pneumoniae infection we
examined whether this phenotype is reversible, as this is a main characteristic of persistence
(Nelson et al., 2005; Wyrick, 2010). We removed the inhibitor by media change and later
analyzed inclusion morphology with immunofluorescence microscopy. We found that without
removal, all inclusions remained small with an aberrant shape (100% + 0.0%) (Figure 24
A+C). In contrast, 48 hours after removal almost half of all inclusions (43.2% +15.2%)

increased in size, indicating they returned to their replicative developmental cycle (Figure 24
B+C).
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Figure 24: Effect of Tanshinone IlA is reversible as removal results in a return to replicative development
cycle. HEp-2 cells were infected with C. pneumoniae (10 IFU) and Tanshinone IIA (THIA, 25uM) was applied in
parallel followed by incubation for 48 hours. Cells were cultured w/ or w/o TIIA for additional 48 hours. (A) Cells
with (w/) and without (w/0) medium change were fixed with methanol and immunostained with IMAGEN
Chlamydia kit (chlamydiae-LPS green; cytoplasm red) and counterstained with DAPI (blue). (B) Quantification of
aberrant inclusions during infection w/o and w/ medium change. Data represent the mean + SD. Data and
immunofluorescence images are representative of three independent experiments (n = 3). *p<0.05

Other indicators for a persistent chlamydiae infection are the chlamydial proteins, MOMP and
cHsp60 and their ratio respectively. To confirm if Tanshinone IlA treatment is accompanied
by more typical persistence characteristics we assessed the MOMP and cHsp60 mRNA
expression after Tanshinone IIA treatment with gRT-PC (Figure 25 A). We found that mRNA
level of MOMP significantly decreased over time starting at 24 hpi, while
cHsp60 mMRNA was regulated inversely, increasing significantly already after 4 hpi. Based on
these data we calculated the ratio of MOMP:cHsp60 mRNA and found it to decrease
significantly over time (4, 24, 48 and 72 hpi) in comparison to that of untreated cells
(Figure 25 B).
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Figure 25: Tanshinone IIA treatment influences MOMP and cHsp60 mRNA expression resulting in lower
MOMP:cHsp60 ratio. HEp-2 cells were infected with 10 IFUs of C. pneumoniae (Cpn) and in parallel treated with
(w/) or without (w/o) Tanshinone IIA (TIIA, 25 pM). As control uninfected cells w/ and w/o TIIA treatment were
used. (A) Relative gene expression of MOMP and cHsp60 4, 24, 48 and 72 hpi, normalized against infected cells
w/o TIIA (dashed grey line). (B) Quantification of MOMP:cHsp60 ratio based on the mRNA expression data,
normalized to control. Data, presented as mean + SD, are representative of three independent experiments
(n = 3). *p<0.05, **p<0.01

Additionally, we determined MOMP and cHsp60 protein expression with Western Blot
analysis (Figure 26 A). In the presence of Tanshinone IIA the expression of MOMP and
cHsp60 was reduced in comparison to that of infected cells in the absence of Tanshinone IIA
(Figure 26 A). As expected, MOMP and cHsp60 were not detectable in uninfected cells.
Using densitometry, we found that Tanshinone IIA treatment strongly altered protein
expression of MOMP and consequently cHsp60. After treatment the expression of both
proteins was significantly reduced when compared to untreated cells (100% + 0.0%).
After 48 hpi 17.2% (= 7.3%) MOMP and 41.7% (+ 13.9%) cHsp60 waere detected. For
MOMP the expression remained significantly reduced also after 72 hpi where 19.5% (x 7.9%)
MOMP and 67.7% (x 19.0%) cHsp60 were expressed (Figure 26 B). Even though MOMP
and cHsp60 protein expression decreased, the expression of cHsp60 protein was always
significantly higher in comparison to expression of MOMP protein. We again determined the
MOMP:cHsp60 ratio, now based on the protein expression data, as indicator for persistence.
In Tanshinone IIA treated cells we observed that the MOMP:cHsp60 ratio was significantly
decreased (48 hpi 59.9% * 5.7%; 72 hpi 71.4% £ 5.4% ) in contrast to that of the infected but
untreated cells (100% + 0.0%) (Figure 26 C).
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Figure 26: Tanshinone IIA treatment reduces MOMP and cHsp60 protein level and results in a decreased
MOMP:cHsp60 ratio. HEp-2 cells were infected with 10 IFUs of C. pneumoniae (Cpn) and in parallel treated with
(w/) or without (w/0) Tanshinone 1A (TIIA, 25 pM). As control uninfected cells w/ and w/o TIIA treatment were
used. (A) Western Blot analysis of MOMP and cHsp60, 48 and 72 hpi. (B) Quantification of MOMP and
cHsp60 protein expression using densitometry, normalized against infected cells w/o TIIA (dashed grey line).
(C) Quantification of MOMP:cHsp60 ratio based on the protein expression data, normalized to control.
Data, presented as mean = SD, are representative of three independent experiments (n = 3). *p<0.05, **p<0.01

3.1.6 Tanshinone IIA treatment interferes with the energy balance of the host

cell

Since Tanshinone IIA treatment seems to change the replicate C. pneumoniae infection into
a persistent one, we wanted to identify an underlying mechanism, uncovering how
Tanshinone IlA alters chlamydiae infection. Chlamydiae are hypothesized to be energy
parasites and so they are highly dependent on the host cell ATP/glucose supply (Moulder,
1970). Tanshinone IIA inhibits AP-1, which is known to regulate genes responsible for
cellular energy balance, such as glut-1 (Santalucia et al., 2003). With gRT-PCR we
guantified glut-1 gene expression with and without C. pneumoniae infection and Tanshinone
IIA treatment respectively. We did not find a (significant) change in glut-1 expression after 4 h
(Figure 27). But after 24 h the expression of the glut-1 mRNA significantly increased, in
comparison to the control, when Tanshinone IIA was added to the uninfected or infected
cells. After 48 h and 72 h the glut-1 mRNA expression was up-regulated after chlamydiae
infection, Tanshinone IlA treatment or both, but the up-regulation was only significant after
48 h.
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Figure 27: glut-1 mRNA expression is regulated during C. pneumoniae infection and affected upon
Tanshinone IIA treatment. HEp-2 cells were infected with 10 IFUs of C. pneumoniae (Cpn) and in parallel
treated with (w/) or without (w/0) Tanshinone IIA (TIIA, 25 pM) for. As control uninfected cells w/ and w/o TIIA
treatment were used. mRNA was isolated at 4, 24, 48 and 72 hpi. Relative gene expression of glut-1 at the
indicated time points, normalized against uninfected cells w/o TIIA. Data, presented as mean * SD, are
representative of four independent experiments (n = 4). *p<0.05, **p<0.01, ***p<0.001

We next verified if the influence of Tanshinone IIA on mRNA expression can also be seen for
other genes than glut-1, such as c-Jun. After 4 h we could already detect a significant
up-regulation of c-Jun mRNA compared to the control when Tanshinone IIA was added to
uninfected or infected cells (Figure 28). This increase was also observed after 24 h, but was
only significant for cells which were infected and Tanshinone IIA treated. After 48 h the
up-regulation of c-Jun mRNA was significant when cells were infected, Tanshinone IIA
treated or both. This significant up-regulation was also observed after 72 h, but was not

significant.
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Figure 28: C. pneumoniae infection and Tanhinone IIA treatment regulate c-Jun mRNA expression at late
time points. HEp-2 cells were infected with 10 IFUs of C. pneumoniae (Cpn) and in parallel treated with (w/) or
without (w/0) Tanshinone IIA (TIIA, 25 pM) for. As control uninfected cells w/ and w/o TIIA treatment were used.
mRNA was isolated at 4, 24, 48 and 72 hpi. Relative gene expression of c-Jun at the indicated time points,
normalized against uninfected cells w/o TIIA. Data, presented as mean = SD, are representative of four
independent experiments (n = 4). *p<0.05, **p<0.01, ***p<0.001
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To further evaluate the role of chlamydiae as energy parasites in our model, we assessed
ATP as another possible indicator for changes in energy metabolism. We could observe that
with C. pneumoniae infection the amount of ATP increased 6 hpi in comparison to ATP levels
in cells which were treated with Tanshinone IIA (Figure 29). This increase was significant for
infection with a low dose (10 IFU) of C. pneumoniae. After 12 hours the ATP level in the
infected cells dropped and was now comparable to the ATP level of the control cells.
In contrast, in the presence of Tanshinone IIA the ATP amount in infected cells (low and high

dose) was significantly reduced 6 and 12 hpi compared to the untreated cells.
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Figure 29: Tanshinone IIA treatment results in decreases ATP level 6 and 12 hpi. Quantification of relative
ATP amount. HEp-2 cells were infected with 10 IFU (low dose) or 30 IFU (high dose) of C. pneumoniae (Cpn) and
treated w/ or w/o Tanshinone llIA (TIIA, 25uM). Relative ATP levels were measured directly (0 hpi), 6 hpi and
12 hpi. Data, presented as mean + SEM, are representative of three independent experiments (n = 3). * p<0.05

3.1.7 Autophagy (LC3/p62) is modulated in chlamydiae infection

Since it has been described that autophagy can be involved in chlamydial development and
that Tanshinone IIA can modulate autophagy we investigated this pathway additionally
(Al-Younes et al., 2011; Al-zeer et al., 2013; Li et al., 2015).

To investigate if chlamydial infection has an influence on autophagy, we used microtubule-
associated protein 1A/1B-light chain 3 (LC3) and SQSTM1/p62 (p62) protein as indicators for
autophagy activity. LC3 is expressed in two different forms, the cytosolic form LC3-1 and the
lipidated form LC3-ll. When autophagy is induced, LC3-I to LC3-1l conversion increases and
p62 protein expression decreases. To measure induction of autophagy in C. pneumoniae
infected cells, with and without Tanshinone IIA treatment, we assessed protein expression
of LC3 and p62 after 4 and 48 hours post infection and treatment, using Western Blot and
densitometry analysis (Figure 30). Using densitometry, we could not observe autophagy
induction after 4 h. After 48 h the LC3 conversion significantly increased in infected cells and
infected cells which were treated with Tanshinone IIA. However, in uninfected and untreated

cells the LC3 conversion was also increased after 48 h. Regarding p62, we observed
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a reduced expression after 48 h, which became significant in the infected cells which were

Tanshinone lIA treated.
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Figure 30: C. pneumoniae infection and Tanshinone Il treatment induce autophagy 48 hpi. Uninfected or
C. pneumoniae infected (Cpn, 10 IFU) HEp-2 cells were treated with and without Tanshinone IIA (TIIA, 25 pm).
Lysates were prepared 4 hpi and 48 hpi. (A) Western Blot analysis of the LC3 and p62 at the indicated time
points. (B) Quantification of protein expression using densitometry. Data were normalized against control
(uninfected, untreated, 4h) and presented as mean + SD. Data and immunoblots are representative of three
independent experiments (n = 3). *<p 0.05

In addition, we also investigated autophagy induction during C. trachomatis infection using
Western Blot and densitometry analysis (Figure 31). With densitometry we did not find
significant differences in LC3 conversion and p62 expression after 4 h. After 48 h the
LC3 conversion increased in all conditions but was only significantly higher in the uninfected,
untreated cells. In concordance, the expression of p62 decreased in all conditions, but only

significant in the infected cells.
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Figure 31: Autophagy induction during C. trachomatis infection and Tanshinone Il treatment. Uninfected or
C. trachomatis infected (Ctr, 10 IFU) HEp-2 cells were treated with and without Tanshinone IA (TIIA, 25 pum).
Lysates were prepared 4 hpi and 48 hpi. (A) Western Blot analysis of the indicated proteins. (B) Quantification of
protein expression using densitometry. Data were normalized against control (uninfected, untreated, 4h) and
presented as mean + SD. Data and immunoblots are representative of three independent experiments (n = 3).
*<p 0.05

These data show that autophagy, 48 hours after C. pneumoniae or C. trachomatis infection,
is induced in the HEp-2 cells. Tanshinone IIA treatment did not result in increased autophagy
induction, as the LC3 and SQSTM1/p62 level were comparable to those present in the

uninfected and untreated cells.

Next, we modulated autophagy using the autophagy inhibitor spautin-1 and autophagy
inducers PI-103, rapamycin and AZD-8055, as established in our group for human
macrophages. We applied different concentrations of each autophagy modulator and

prepared lysates for Western Blot analysis afterwards (Figure 32).
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Figure 32: Treatment with autophagy modulators for 30 min does not affect autophagy level in HEp-2
cells. HEp-2 cells were treated with different concentrations of 4 different autophagy modulators, cycloheximide
(C, 1 pg/ml) or left untreated (control). Lysates were prepared 30 min after treatment and quantified using

Western Blot analysis and densitometry. Protein expression of LC3 and p62 after 30 min of (A) spautin-1
(B) PI-103 (C) rapamycin and (D) AZD-8055. Data presented as mean = SD are representative of three
independent experiments (n = 3). *p<0.05

Densitometry analysis revealed no significant autophagy modulation after 30 min of
treatment with either autophagy inhibitor spautin-1 (Figure 32 A) or autophagy inducers
PI-103 (Figure 32 B), rapamycin (Figure 32 C) or AZD-8055 (Figure 32 D). As this 30 min
pre-treatment with the autophagy modulators had little effect we tested 2 h treatment
additionally. Again no classical autophagy induction was detectable (data not shown).
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3.2 Partll

3.2.1 Chlamydiae infection of primary human monocyte-derived macrophages

Antibiotic treatment is known to affect chlamydiae infection. The primary human
macrophages (hMDM), which are used as our in vitro model, are generated in medium
supplemented with penicillin-streptomycin (PS). To assess the effect of PS, we performed
infection experiments using C.trachomatis in pro-inflammatory hMDM | and
anti-inflammatory hMDM 1l with (w/) and without (w/0) PS. Using immunofluorescence
microscopy infection rates were quantified. In the absence of PS, we observed both hMDM |
and hMDM Il to be infected. By applying a higher infection dose (1, 10 or 25 IFU) a higher
infection rates was reached, which did not strongly differ over time (24 and 48 hpi).
Remarkably, the presence of PS did not significantly alter the course of infection, either
in hMDM | or hMDM 1l (Figure 33).
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Figure 33: Presence of penicillin-streptomycin does not affect the infection rate of C. trachomatis in
human primary macrophages. Primary human macrophages type | or type Il were generated of human buffy
coats and infected with 1, 10 or 25 IFU of C. trachomatis in the presence (w/) or absence (w/o) of
penicillin-streptavidin (PS). Cells were methanol fixed after 24 or 48 hpi and immunostained. Infection rate was
quantified by counting randomly of at least 300 cells. (A) Infection rate of hMDM | w/ or w/o PS after 24 or 48 hpi.
(B) Infection rate of hMDM II w/ or w/o PS after 24 or 48 hpi. Data are presented as mean + SD and are
representative of three independent experiments (n = 3).
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Next we characterized chlamydiae infection in type | and type 1l hMDM using the different
chlamydiae species, C. pneumoniae, C.trachomatis (wildtype) and C. trachomatis
expressing eGFP (transgenic) for infection and analyzed infection morphology with
immunofluorescence microscopy. Infection with the different chlamydiae species resulted in
a persistent-like infection of both macrophage phenotypes. More specifically, we observed
small and aberrant inclusions, sometimes randomly distributed within the cells (Figure 34,

white arrows).

hMDM II

Ctr

eGFP-Ctr
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Figure 34: Chlamydiae infection of hMDM leads to a persistent infection phenotype. Human primary
macrophages type | or type Il were infected with 10 IFU of either C. trachomatis (Ctr), eGFP-C. trachomatis
(eGFP-Ctr) or C. pneumoniae (Cpn). Cells were methanol fixed 48 hpi and immunostained with IMAGEN
Chlamydia kit (chlamydiae-LPS green; cytoplasm red) and counterstained with DAPI (blue). White arrows indicate
persistent chlamydiae inclusions. Immunofluorescence images are representative of three independent
experiments (n = 3).
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We then determined the chlamydial infection rate after 48 h in both, hMDM | and hMDM 11.
For all tested chlamydiae species the infection rate increased dose dependently (Figure 35).
Infection with C. trachomatis wildtype or its transgenic variant resulted in comparable
infection rates, whereas the infection rate of C. pneumoniae was always the lowest.
Interestingly, hMDM I, compared to hMDM I, were found to be more susceptible to infection
with C. trachomatis and eGFP-C. trachomatis, but not to infection with C. pneumoniae..
More specifically, infection rates in hMDM Il were higher than in hMDM 1 after infection with
10 or 15 - 25 IFUs (Figure 35 D + A-C).
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Figure 35: Chlamydial infection rate increased dose dependently and is higher in hMDM Il compared to
hMDM |. Human primary macrophages type | (filled bars) or type Il (dashed bars) were infected with different
doses of either C. trachomatis (Ctr), eGFP-C. trachomatis (eGFP-Ctr) or C. pneumoniae (Cpn). Cells were
methanol fixed 48 hpi and immunostained. Infection rate was assessed by randomly counting 300 cells after
infection with (A) 1 IFU (B) 10 IFU or (C) 15-25 IFU of chlamydiae. (D) Representative immunofluorescence
image of type | or type 1l hMDM after infection with 10 IFU of C. trachomatis. Data, presented as mean + SD, and
immunofluorescence images are representative of three independent experiments (n = 3).

In addition to infection rates we assessed the chlamydial load in the hMDMs by quantification
of chlamydial 16S rRNA with gRT-PCR. Focusing on the different species, we found that an
equal infection dose (1, 10 or 15 - 25 IFU) of either C. trachomatis, eGFP-C. trachomatis or
C. pneumoniae, resulted in a comparable bacterial load (Figure 36 A-C). We observed that
a higher infection dose resulted in an increased infection rate, however chlamydial load did
not increase dose dependently in either hMDM | or hMDM II (Figure 36). Interestingly the
chlamydial load was always higher in hMDM 1 cells as compared to hMDM 11 (Figure 36).
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In contrast to the infection rates being lower for C. pneumoniae as compared to wildtype and

transgenic C. trachomatis, the chlamydial load upon infection between all three species was

similar.
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Figure 36: Chlamydial load is higher in hMDM 1 after infection with different chlamydiae species. Human
primary macrophages type | (filled bars) or type Il (dashed bars) were infected with different doses of either
C. trachomatis (Ctr), eGFP-C. trachomatis (eGFP-Ctr) or C. pneumoniae (Cpn). After 48 hours the cells were
harvested followed by mRNA isolation. Quantification of relative chlamydial load after infection with (A) 1 IFU
(B) 10 IFU or C) 15-25 IFU was assessed using gRT-PCR. D) Representative immunofluorescence image of type
I or type Il hMDM after infection with 10 IFU of C. trachomatis. Data, presented as mean + SD, and
immunofluorescence images are representative of three independent experiments (n = 3).
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As chlamydiae infection of hMDM typically results in a persistent phenotype consequently
chlamydial load should not increase over time. Indeed, we did not observe significant
differences in bacterial load of the different chlamydiae species over time in either hMDM | or
hMDM Il (Figure 37).
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Figure 37: Chlamydial load in type | or type Il macrophages does not increase over time. Human primary
macrophages type | (filled bars) or type Il (dashed bars) were infected with different doses of either C. trachomatis
(Ctr), eGFP-C. trachomatis (eGFP-Ctr) or C. pneumoniae (Cpn). After 24 and 48 hours the cells were harvested
followed by mRNA isolation. Quantification of relative chlamydial load after infection was assessed using
gRT-PCR. Data, presented as mean + SD, are representative of three independent experiments (n = 3).

In summary, more hMDM Il get infected with C. trachomatis or eGFP-C. trachomatis,
although chlamydial load is higher in hMDM | . The chlamydial load inside the hMDM did not
significantly change over time, what confirms the mainly persistent infection morphology we
observed with immunofluorescence microscopy. Of note, wildtype C. trachomatis and

transgenic eGFP-C. trachomatis show comparable infection rates and chlamydial loads.

75



Results

3.2.2 Replicative chlamydiae infection of hMDM

Upon infection of hMDM we predominantly found a persistent infection phenotype, however
occasionally we observed larger inclusions, which resemble a replicative infection
(Figure 38 A). Subsequently, we quantified the occurrence of these replication-like
inclusions in hMDM. We found that after infection with C.trachomatis or eGFP-
C. trachomatis replicative-like inclusions were present, whereas after infection with
C. pneumoniae no such inclusions could be found. In addition, we observed that infection
with both, wildtype and transgenic, C. trachomatis lead to more replicative-like inclusions in
hMDM I in comparison to the amount of replicative inclusions in hMDM Il (Figure 38 B-C).
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Figure 38: After chlamydiae infection replicative-like inclusions can be found in hMDM | and hMDM II.
Human primary macrophages type | (filled bars) or type 1l (dashed bars) were infected with different doses of
either C. trachomatis (Ctr), eGFP-C. trachomatis (eGFP-Ctr) or C. pneumoniae (Cpn). Cells were methanol fixed
48 hpi and immunostained. (A) Representative immunofluorescence image of a replicative-like inclusion in
hMDM | after infection with 10 IFU of C. trachomatis. Occurrence of replicative inclusions was assessed by
randomly counting 300 cells after infection with (B) 1 IFU or (C) 10 IFU. Data, presented as mean + SD, and
immunofluorescence images are representative of three independent experiments (n = 3).
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As a consequence of replication, infectious elementary bodies should be present, allowing
the chlamydiae to re-infect new cells. To test if the chlamydiae really developed normally, we
performed chlamydial recovery experiments. The infected hMDM were lysed and the cell
lysates were used for infection of epithelial cells (HEp-2). Interestingly, recovery from
hMDM | resulted in larger sized inclusions as compared to recovery from hMDM Il
(Figure 39).
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Figure 39: C. trachomatis recovery after infection of hMDM | or hMDM Il shows the formation of replicative
inclusions in Hep-2 cells. Human primary macrophages type | or type Il were infected with 10 IFU of
C. trachomatis for about 48 h. HEp-2 cells were infected with C. trachomatis extracted from either infected
hMDM | or hMDM 1I. After 48 h cells were methanol fixed and immunostained with IMAGEN Chlamydia kit
(chlamydiae-LPS green; cytoplasm red) and counterstained with DAPI (blue). Immunofluorescence images are
representative of three independent experiments (n = 3).

3.2.3 Therole of AP-1in chlamydiae infection of hMDM

In HEp-2 cells, we demonstrated that AP-1 is regulated by chlamydial infection and
consequently AP-1 inhibition induced persistence (Kramer et al., 2015). Therefore we now
investigated whether AP-1 is also regulated by chlamydiae infection in hMDM, possibly
involved in the persistence phenotype we observed. We determined protein expression of
c-Jun and c-Fos using Western Blot and densitometry analysis. Focusing on c-Jun first, we
found a higher c-Jun protein expression in hMDM | as compared to hMDM Il (Figure 40 A).
In both phenotypes chlamydiae infection did not significantly increase c-Jun protein
expression. Over time (48 h) more c-Jun was expressed compared to expression after 24 h.
In both phenotypes c-Fos expression was not altered after chlamydiae infection and also did
not change over time. Using densitometry we found that, the expression of c-Jun after 24 h,
increased upon infection (116.7% + 31.9%) as compared to uninfected hMDM | (Figure 40
B). After 48 h c-Jun expression of uninfected (101.4% + 27.8%) and infected (101.9% =+
45.7%) hMDM | was comparable. In comparison to the uninfected hMDM | after 24 hours
(100% = 0.0%), c-Jun protein expression in uninfected hMDM Il was significantly lower after
24 h (51.7% £ 22.6%) and 48 h (38.1% + 24.0%). In the infected hMDM Il c-Jun protein
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expression was reduced was well, but not significantly after 24 h (66.5% + 31.1%) and
48 h (64.4% + 38.0%) as compared to uninfected hMDM | cells after 24 h. Although no
significant differences of c-Jun protein expression between uninfected and infected hMDM
could be detected, the expression between hMDM | and hMDM |l strongly differed.

Investigating c-Fos expression, Western Blot analysis showed no difference in protein level
between uninfected and infected hMDM. In line, also quantification by densitometry did not
show any differences in c-Fos expression in either hMDM | and hMDM 11 (Figure 40 C).
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Figure 40: AP-1 proteins c-Jun and c-Fos are not regulated in hMDM | and hMDM Il during C. trachomatis
infection. Human primary macrophages type | (filled bars) or type Il (dashed bars) were infected with 10 IFU of
C. trachomatis. Lysates were prepared 24 hpi and 48 hpi. (A) Western Blot analysis of the indicated proteins.
Protein expression of (B) c-Jun and (C) c-Fos was quantified using densitometry. Data, presented as mean + SD,
and immunoblots are representative of three independent experiments (n = 3). *<p 0.05
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In addition to Western Blot analysis we used an immunofluorescence staining to detect c-Jun
protein. We already showed c-Jun protein expression in hMDM Il to be generally lower
compared to expression in hMDM I. Furthermore, expression was upregulated after infection,
a finding which could also be confirmed by immunofluorescence labeling of c-Jun (compare
Figure 41 A white arrows with Figure 41 B white arrows) (Figure 41).
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Figure 41: Upon C. trachomatis infection c-Jun increases hMDM Il. Human primary macrophages type |l
were infected with 10 IFU of C. trachomatis (Ctr). After 48 h cells were methanol fixed and immunostained with an
antibody against c-Jun (red) and counterstained with DAPI (blue). Expression of c-Jun in (A) uninfected
(B) C. trachomatis infected hMDM II. Immunofluorescence images are representative of three independent
experiments (n = 3).
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3.2.4 Transfer of chlamydiae between HEp-2 cells and primary hMDM

As described above, direct infection of hMDM with chlamydiae usually results in the
development of chlamydial persistence. Previous experiments of this research group
revealed that the initial route of chlamydial entry appears to be of major importance for the
outcome of hMDM infection (Rupp et al., 2009). It was shown that while the direct infection of
macrophages led to persistence, the uptake of a chlamydiae-infected apoptotic neutrophil
promoted the development of replicative inclusions within the hMDM.

Ctr 48 hpi

Figure 42: C. trachomatis infection leads to formation of Annexin V positive blebs which contain viable
chlamydiae. HEp-2 cells were infected with C. trachomatis followed by Annexin V (red) and DAPI (blue) staining.
Infection was imaged over time.

To gain a better understanding of the process of chlamydiae transfer, we used state of the
art microscopy and live cell imaging. First, we investigated the possible formation of
apoptotic, chlamydiae-containing blebs. We infected HEp-2 cells with C. trachomatis and
added fluorescent labeled Annexin V and DAPI to the cells. Annexin V is a common marker
for apoptosis as it binds phosphatidylserine and DAPI stains the DNA. Indeed, we found that
24 hpi the infected cells started to develop chlamydiae containing blebs (Figure 42: white
arrow). Using differential interference contrast (DIC) we were able to visualize blebs,
containing fast moving viable chlamydiae. The blebs were surrounded by the Annexin V
stain, which is indicative for phosphatidylserine exposure (Figure 42: red arrow). In contrast,

the uninfected cells did not become apoptotic (data not shown).

80



Results

Figure 43: Use of eGFP-C. trachomatis enables the visualization of inclusion development over time.
HEp-2 cells were infected with 10 IFU of eGFP-C. trachomatis. (A) Inclusion development was imaged over time.
(B) Zeiss software ZEN 2012 was used to render live cell imaging data to generate 3D data.

For a better visualization of chlamydiae containing blebs we used eGFP-C. trachomatis in
combination with live cell imaging. We investigated the chlamydial inclusion development
and subsequent bleb release in HEp-2 cells over time. In contrast to wildtype C. trachomatis
we were now able to clearly visualize the inclusions, containing the moving GFP-expressing
chlamydiae (Figure 43 A). With the Zeiss software ZEN 2012, we are also able to render the

pictures over time to get 3D live imaging data (Figure 43 B)
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HEp-2 cells 48 hpi 3D detail of eGFP-Ctr bleb
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Figure 44: Infection of HEp-2 cells with eGFP-C. trachomatis results in the formation of blebs which
contain moving chlamydiae. HEp-2 cells were infected with 10 IFU of eGFP-C. trachomatis. Bleb formation was
imaged over time. Zeiss software ZEN 2012 was used to render bleb to generate 3D image.

As seen for wildtype C. trachomatis, we found the formation of the chlamydiae-containing
blebs after approximately 24 hpi (data not shown). After 48 h we visualized an
eGFP-C. trachomatis containing bleb in 2D and rendered it in 3D (Figure 44). These bleb
structures, containing viable, moving chlamydiae, were observed to float over the other
adherent cells.

eGFP-Ctr

eGFP-Ctr eGFP-Ctr

Figure 45: hMDM recognizes and interacts with chlamydial bleb. HEp-2 cells were infected with 10 IFU of
eGFP-C. trachomatis for 24 h. A mixture of chlamydiae, blebs and cells was added to red stained hMDM 1.
(tile 1 — 3) hMDM | bleb Interaction was imaged over time. (tile 4) Zeiss software ZEN 2012 was used to render
the hMDM I and the bleb to generate 3D images over time.

Subsequently, infected HEp-2 cells and hMDM were placed in the same well, so that they
can interact. We generated hMDM | and used a red plasma stain for their visualization.
Transferring a mixture containing HEp-2 cells, blebs and single chlamydiae, at different ratios
to the red stained hMDM, we found that the hMDM started to interact with the chlamydiae-
containing blebs (Figure 45). Over time, we observed a hMDM attaching to a bleb, trying to
internalize it and after about 72 h the hMDM started surrounding the bleb (Figure 45). The
3D rendering module allowed us to follow this interaction in more detail, demonstrating how

the red stained hMDM engulfs more and more of the green bleb (Figure 45, tile 4).
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Figure 46: Replicative infected hMDM | internalizes another infected hMDM I. HEp-2 cells were infected with
10 IFU of eGFP-C. trachomatis for 24 h. A mixture of chlamydiae, blebs and cells was added to red stained
hMDM I. Interactions were imaged over time. (White arrow: apoptotic infected hMDM I; green arrow: replicative
infected viable hMDM 1)

In addition with live cell imaging we observed how a dead, infected hMDM is internalized by
another hMDM (Figure 46). Interestingly, the living hMDM itself was replicative infected, as
seen by the large inclusion with moving chlamydiae inside. Additionally, we were able to
image replicative inclusion development inside an hMDM | (Figure 47). We found the

formation of multiple inclusions which fused to one big inclusion over time.
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Figure 47: Multiple eGFP-C. trachomatis inclusions in a hMDM | fuse to one big inclusion over time.
HEp-2 cells were infected with 10 IFU of eGFP-C. trachomatis for 24 h. A mixture of chlamydiae, blebs and cells
was added to the hMDM 1. Inclusion development was imaged over time.

Finally, we wanted to validate the observed replicative inclusions in hMDM using electron
microscopy. We again infected hMDM | and hMDM Il with C. trachomatis and analyzed the
infection phenotype after 48 hours with electron microscopy. The presence of elementary
bodies, which morphologically differ from reticular bodies, would indicate a replicative
phenotype. Preliminary data of infected hMDM 11 cells did not result in electron micrographs
depicting replicative inclusions (data not shown). However, preliminary data of infected
hMDM 1 resulted in some interesting electron micrographs. We observed a hMDM | which
was filled with compartment-like structures of different sizes (Figure 48). These
compartment-like structures resembled chlamydial inclusions and contained a mixture of
EB-like (Figure 48, white arrow head) and RB-like (Figure 48, black arrow head) particles.
Using live cell imaging, we observed the fusion of multiple inclusions, which is also
suggested with this preliminary electron micrograph. However, the typical high number of
elementary bodies for a replicative inclusion in its final stage is not yet visible in this electron

micrograph.
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Figure 48: Replicative-like structures in an C. trachomatis infected hMDM I. Human primary macrophages
type | were infected with 10 IFU of C. trachomatis for 48 h and afterwards prepared for electron microscopy.

Taken together, we find replicative-like chlamydiae infection in hMDM, mainly in hMDM I.
Even though more hMDM I tend to be infected, the bacterial load and the occurrence of
replication were more pronounced in hMDM I. Further experiments are needed to shed light
on the question why the hMDM | seem to be a better host for chlamydiae and how single
hMDM | differ, as in some replication can occur.
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4 Discussion

Due to their obligate intracellular development chlamydiae are efficient modulators of various
host cell pathways. A key player in a number of these processes is the transcription factor
AP-1. In the first part of this thesis we aimed to elucidate the role of AP-1 for chlamydial
development in epithelial cells as we hypothesize that AP-1 plays an important role for the
induction of persistence. Indeed, we observed a time and dose dependent regulation of
protein expression and phosphorylation of the AP-1 components c-Jun, c-Fos and ATF-2.
In contrast to the decrease in c-Fos and ATF-2 protein, c-Jun protein was significantly
up-regulated and phosphorylated during C. pneumoniae infection. As a consequence of
c-Jun siRNA knockdown, the chlamydial load was diminished and accompanied by smaller
inclusions and a significant lower chlamydial recovery. To assess if the role of c-Jun in the
AP-1 mediated transcription is essential for chlamydial development we used the specific
c-Jun/c-Fos AP-1 inhibitor Tanshinone IIA. After Tanshinone IlIA treatment the chlamydial
load was strongly decreased and the inclusions exhibited a small and aberrant shape. This
phenotype was reversible, as the removal of Tanshinone IlA led to a return to normal growth.
To identify an underlying mechanism which reveals how Tanshinone IlA alters chlamydiae
infection, we assessed mMRNA of AP-1 target genes glut-1 and c-Jun, measured ATP level
and investigated autophagy induction in presence or absence of Tanshinone IIA.

In the second part of this thesis we focused on the interaction of chlamydiae with human
primary cells. We hypothesized that chlamydiae hide inside apoptotic blebs to ensure a silent
uptake by macrophages without being visible for the innate immune system.

Initially comparing infection morphology, infection rate and chlamydial load we could
demonstrate that both pro- and anti-inflammatory human macrophages are susceptible to
infection with different chlamydiae strains. Interestingly, using wildtype C. trachomatis and
eGFP-C. trachomatis, we found more infected hMDM I, but the chlamydial load was higher
in hMDM I. In line, more replicative infection in form of large inclusions was observed in
hMDM 1. Interestingly, we could not determine a role for AP-1 during chlamydiae infection of
macrophages. By using high speed live cell imaging and eGFP-C. trachomatis we visualized
chlamydiae inclusion development inside macrophages. Furthermore we were able to image
the formation of apoptotic blebs containing viable chlamydiae, which were recognized and
internalized by hMDM, presenting a chlamydiae transfer mechanism to silently sustain

infection.
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4.1 Part|-therole of AP-1for chlamydiae development

4.1.1 The role of c-Jun for C. pneumoniae development

A role for AP-1 during inflammation was already highlighted for various pathogens, such as
microbes or viruses (Ghosh et al., 2002; Seo et al., 2003; Vallejo et al., 2000; Xie et al.,
2005; Zachos, 1999). The hepatitis C virus was found to modify AP-1, supporting viral
development by promoting cell cycle progression (Koike, 2007). In addition, Bacillus
anthracis produces the Edema toxin, which was shown to induce AP-1 and to restrict TNF-a
production (Comer et al., 2006). Also during C. pneumoniae infection AP-1 regulation in
smooth vascular muscle cells was observed, leading to the induction of cell proliferation and
the stimulation of cell growth (Miller et al., 2000). Recently AP-1 has been demonstrated to
be crucial for bacteria growth and for development of the sexual transmittable C. trachomatis
(Olive et al., 2014). In concordance, we found proteins of the AP-1 family to be regulated
upon chlamydiae infection. The regulation of the AP-1 proteins occurred mainly at late time
points during development, a finding in line with the recent study focusing on C. trachomatis
(Kramer et al.,, 2015; Olive et al.,, 2014). In this study Olive et al. demonstrated that
phosphorylation of c-Jun and c-Fos with subsequent AP-1 dependent transcription is induced
at late developmental stage, suggesting that AP-1 is involved in replication or during the re-
differentiation process. In our experiments this late phosphorylation was only observed for
c-Jun protein. As expression of c-Jun protein was modulated earlier than c-Fos and ATF-2
and protein expression increased, our data suggest that c-Jun plays a more crucial role in
chlamydiae development.

The special requirement of c-Jun protein for proper infection development was also
described for other pathogens, for instance in viral replication of the H5N1 influenza virus,
which was significantly reduced upon specific inhibition of c-Jun expression (Xie et al., 2014).
To strengthen this idea in regard to chlamydiae infection, we applied a siRNA knockdown
approach of c-Jun to assess the requirement of this AP-1 component for chlamydiae
development. Knockdown of c-Jun protein impaired C. pneumoniae infection, resulting in
20% smaller inclusions, down-regulation of MOMP, reduction of chlamydial load and a
significant decrease in chlamydial recovery. Our findings are indicating suboptimal growth
conditions in the absence of the c-Jun protein and are in line with the report of Olive et al,
were c-Jun knockdown resulted in significant reduction of IFU production after C. trachomatis
infection (Olive et al., 2014). In our experiments the knockdown effect on infection was
possibly limited, since the siRNA approach resulted in only a partial c-Jun protein reduction.
Therefore we suggest that the remaining c-Jun proteins can still dimerize with c-Fos,

resulting in AP-1 related transcription.
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The prototypic AP-1 heterodimer consists of c-Jun and c-Fos. Since c-Fos protein expression
and phosphorylation were significantly down-regulated during infection, we suggest that for
chlamydial development c-Jun and not c-Fos protein is required. To investigate this, we tried
to establish a c-Fos siRNA knockdown as control. As with c-Jun siRNA knockdown,
treatment with c-Fos siRNA reduced the c-Fos mRNA levels significantly. However c-Fos
protein expression in these cells remained stable. This inverse regulation of c-Fos was
already observed during C. pneumoniae infection, where c-Fos protein was significantly
down-regulated, although mRNA level of c-Fos increased. In contrast to c-Fos, differences in
c-Jun mRNA levels always corresponded with changes of c-Jun protein amounts. The
stability of c-Fos protein after siRNA treatment was surprising, as c-Fos usually is an
unstable and short-lived protein (Basbous et al., 2008; Ferrara et al., 2003). In most tissues
gene expression of c-Fos is strongly regulated and increases rapidly upon stimulation of the
cell (Basbous et al.,, 2008; Eferl and Wagner, 2003). The siRNA treatment in our
experimental setup seems to stabilize c-Fos protein, possibly by phosphorylation (Ferrara et
al., 2003; Okazaki and Sagata, 1995). In all, we are confident that our data concerning c-Fos
expression and phosphorylation demonstrate that c-Fos is of minor importance for

C. pneumoniae development.

4.1.2 Inhibition of c-Jun/AP-1 by Tanshinone IIA impairs C. pneumoniae
development

To investigate if the presence of c-Jun or the transcriptional activity of c-Jun as part of AP-1
is required for chlamydial development, we used Tanshinone IlA, an isolate of the root of
Salvia miltiorrhiza Bunge which was shown to specifically inhibit the c-Jun/c-Fos AP-1
complex by preventing DNA binding and the subsequent transcriptional activity (Lee et al.,
2008; Park et al., 1999). For C. trachomatis the use of Tanshinone IIA was shown to alter
infection, resulting in a significant inhibition in the production of infectious progeny (Olive et
al., 2014). This finding was in line with our data (Kramer et al., 2015). By performing recovery
experiments of C. pneumoniae we demonstrated that upon Tanshinone IIA treatment
infectious chlamydiae were rarely produced. In the study of Olive et al. Tanshinone IIA
treatment impaired the bacterial load of C. trachomatis only minimally. However, we
observed a strong decrease of C. pneumoniae load after Tanshinone IIA treatment. This
might be explained by the fact, that they added Tanshinone IIA 20 hpi and not in the
beginning as we did (Olive et al., 2014). In addition, our preliminary data suggests a similar
effect of Tanshinone IIA treatment on C. trachomatis and eGFP-C. trachomatis infection as
seen for C. pneumoniae. For both strains, the chlamydial load decreased and the inclusions
size was reduced. Nevertheless, the effect was not as pronounced as for C. pneumoniae,

for which inclusions showed an aberrant morphology. This might be caused by species
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specific differences in chlamydial metabolism, for instance the faster development of
C. trachomatis (Grieshaber et al., 2002; Nicholson et al., 2003).

The reduced infectivity after Tanshinone IIA treatment was accompanied by a strongly
altered inclusion morphology which however was reversible, indicating a persistent
C. pneumoniae phenotype (Beatty et al., 1993, 1994a; Borel et al., 2014; Harper et al.,
2000).

4.1.3 MOMP and cHsp60 as indicator for C. pneumoniae persistence

As indicator for persistence, we first determined MOMP and cHsp60 protein expression and
subsequently calculated the MOMP:cHsp60 ratio (as described by (Beatty et al., 1994b).
We found the MOMP:cHsp60 ratio to be decreased significantly after Tanshinone IIA
treatment, which is usually associated with persistence of C. trachomatis (Villegas et al.,
2008). Several studies concerning C.trachomatis persistence found that expression of
MOMP was often decreased, while cHsp60 expression remained stable or increases during
persistence (Beatty et al., 1993, 1994a; Cevenini et al., 1988; Scidmore-Carlson et al., 1999).
For persistent C. pneumoniae also contrary data have been published (Hogan et al., 2003;
Jones et al., 2001; Mathews et al., 2001; Molestina et al., 2002). In case of C. pneumoniae
persistence, no significant down-regulation, but a significant up-regulation of MOMP on
protein level and transcriptional level following INF-y induced persistence was observed
(Mathews et al., 2001; Molestina et al., 2002). However, in agreement with C. trachomatis
studies, the level of cHsp60 after INF-y treatment was found to be maintained or even
up-regulated (Beatty et al., 1993; Molestina et al., 2002). In persistence, reduced levels of
MOMP could facilitate chlamydiae to avoid the development of protective immunity as
MOMP from C. pneumoniae can elicit the generation of neutralizing antibodies and
T cell mediated immune responses (Bandholtz et al., 2002; Kim et al., 1999; Peterson et al.,
1996; Rodriguez et al., 2006). In contrast, cHsp60 accumulation may support chlamydial
infection. It is possible that chlamydial Hsp60 induces auto-immunity due to its high identity
to human Hsp60, which lays around 48 % in case of C. trachomatis (Viale et al., 1994; Yi et
al., 1997). In addition to the chlamydiae species, also the inducer of persistence, such as
INF-y or penicillin, is of essential importance for the transcriptional persistence profile
measured by expression of MOMP and cHsp60 (Jones et al., 2001; Mathews et al., 2001).
As result of these discrepancies, previous publications are in agreement that the
MOMP:cHsp60 ratio cannot be used as a universal persistence marker (Hogan et al., 2004;
Villegas et al., 2008; Wyrick, 2010). In conclusion, we demonstrated that treatment with
Tanshinone 1A, an inducer of persistence, resulted in an unusual C. pneumoniae

persistence profile, normally found upon C. trachomatis infection.
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4.1.4 Possible mechanisms of persistence induction by Tanshinone IIA

treatment

With electron Microscopy, we demonstrated that Tanshinone IIA treatment switched a
replicative infection phenotype into a persistent one (Kramer et al., 2015). So far the best
studied in vitro model of chlamydial persistence is the persistence induction by treatment with
the inflammatory cytokine IFN-y. IFN-y increases the enzymatic activity of
indole-2,3-dioxygenase (IDO) which is responsible for tryptophan catabolism, thus inducing a
faster decrease of the intracellular concentration of tryptophan (Beatty et al., 1993). For
chlamydiae this amino acid is essential and as they are not able to synthesize tryptophan
alone, they enter a persistence stage upon IFN-y treatment (Mehta et al., 1998; Pantoja et
al., 2001). Given that Tanshinone IlA is a multi-target drug several mechanisms could be of
assistance for Tanshinone IllA-induced persistence. Various effects are described for
Tanshinone IIA, such as interference with other transcription factors, like NF-kB, and
regulation of scavenger receptors, such as CD36 and scavenger receptor-A (Chen et al.,
2007; Fan et al., 2009; Jang et al., 2006; Tang et al., 2011). The link between chlamydial
development and host autophagy might provide an explanation for the
Tanshinone llA-induced persistence (Al-Younes et al., 2004, 2011; Pachikara et al., 2009;
Yasir et al., 2011). Autophagy is a process of self-digestion which involves
lysosome-dependent degradation of cytoplasmic components like proteins, neutral lipids and
mitochondria, in order to maintain cellular homeostasis, for instance during starvation (Dunn,
1990a, 1990b; Klionsky and Emr, 2000; Maiuri et al., 2010; Mizushima et al., 2008; Reggiori
and Klionsky, 2002; Seglen and Bohley, 1992; Stromhaug and Klionsky, 2001). Chlamydiae
are highly dependent on nutrients of their host cell which is why limitations in their availability
result in persistence (Al-Younes et al., 2001; Coles and Pearce, 1987; Coles et al., 1993;
Harper et al., 2000; Raulston, 1997). Furthermore it was shown that in epithelial cells the
chlamydial inclusions do not fuse with the lysosome, a function which is involved in
autophagy (Al-Younes et al., 1999; Heinzen et al., 1996; Levine et al., 2011; Oqij et al., 1997;
Scidmore et al., 2003). Therefore, an interaction with host cell autophagy can be beneficial
for chlamydiae and seems likely. The advantage of utilizing the autophagy machinery of the
host cell was already described for other pathogens (Crauwels et al., 2015).
Indeed, inhibition of autophagy by 3-methyladenine and amino acids was shown to impair the
inclusion size, chlamydial morphology or development of infectious progeny of
C. trachomatis (Al-Younes et al., 2004). Nevertheless, other studies revealed ambiguous
interactions between chlamydiae and the host autophagic machinery, as autophagy can also
serve as an innate defense mechanism against chlamydiae (Al-Younes et al., 2011; Al-zeer
et al., 2013; Yasir et al, 2011). In macrophages autophagy was found to restrict

C. trachomatis growth (Al-zeer et al., 2013). Tanshinone I1A was shown to inhibit mammalian
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target of rapamycin (MTOR) a negative inducer of autophagy thus causing the induction of
autophagy (Kondo and Kondo, 2006; Li et al., 2015; Yun et al., 2014). In our experiments we
also observed the induction of autophagy upon Tanshinone IIA treatment assessed by
detection of LC3 conversion and SQSTM1/p62 (p62) protein expression. Interestingly, the
chlamydiae infection alone resulted in an even more pronounced autophagy induction,
indicating that they favor autophagy induction. Consequently, Tanshinone I[IA induced
persistence is not a consequence of autophagy induction. However, further work is required

to elucidate the exact role of autophagy in chlamydiae infection.

Another possible explanation for the persistent phenotype induced by Tanshinone IIA is the
fact that AP-1 is involved in processes coordinating cell proliferation, which in turn requires a
functional host cell metabolism. As Tanshinone IlA treatment leads to suppression of cell
proliferation, our data suggest that the interference with AP-1 regulated host cell metabolism
affects the chlamydial development (Li et al., 2010; Wang et al., 2005). The intracellular
chlamydiae also have a high energy demand during their replicative cycle. As they are
hypothesized to be energy parasites, chlamydiae are highly dependent on the host cell for
ATP and glucose supply (Moulder, 1970). It is proven that AP-1 regulates genes that are
responsible for cellular energy balance, such as glucose transporter 1 (glut-1), which was
found to exhibit an AP-1 binding site in its promotor (Kozlovsky et al., 1997; Santalucia et al.,
2003). Indeed, up-regulation of glut-1 mRNA expression following Chlamydia psittaci
infection was already described in later phase of infection, when chlamydial metabolic activity
reaches the highest level (Ojcius et al., 1998c; Rupp et al., 2007). In concordance, we also
observed a 2-3 fold enhancement of glut-1 mRNA in late phase of C. pneumoniae infection
(48 and 72 hpi). However, Tanshinone IIA treatment also increased glut-1 mRNA expression
already after treatment for 24 h and the expression resembled that of infection after 48 and
72 h. This was surprising, as Tanshinone IIA was described to reduce mRNA level of glut-1
(Li et al., 2015; Rankin et al., 2012; Wang et al., 1995). Also for c-Jun mRNA expression an
increase after Tanshinone IIA treatment was detected. Tanshinone IIA prevents the AP-1
heterodimer consisting of c-Jun/c-Fos from binding to the DNA (Lee et al., 2008; Park et al.,
1999). We would hypothesize that prevention of AP-1 DNA binding leads to accumulation of
c-Jun/AP-1 in the cells. As c-Jun protein regulates its own transcription in a positive
autoregulation we suggest that the increased presence of c-Jun protein results in
up-regulation of c-Jun mRNA. We continued to assess other marker for metabolic activity
and measured ATP level after infection in presence or absence of Tanshinone IIA. We
demonstrated that ATP is up-regulated early (6 and 12 hpi) after C. pneumoniae infection,
whereas the presence of Tanshinone IlA significantly decreased the ATP levels. The lack of
ATP in the phase where differentiation from EB to RB occurs might cause the induction of

persistence as the requirements for proper chlamydial development are not provided
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anymore (Wolf et al., 2000). In the late stage of development metabolically active RBs are
present, in need of ATP for replication and re-differentiation (Omsland et al., 2012). As
indicator for metabolic activity of the chlamydial RBs at later time points of infection,
NAD(P)H measurement can be used (Solbach et al., 2011). An increase of the fluorescence
lifetime of protein-bound NAD(P)H (1.-NAD(P)H) in the C. trachomatis inclusions using
two-photon microscopy and fluorescence live cell imaging (FLIM) was observed during the
midphase of infection. This is indicative for the enhanced metabolic activity of RBs.
Furthermore it was demonstrated that after induction of persistence with INF-y treatment the
metabolic activity of the RBs was reduced. In cooperation with the group of
Prof. Dr. Jan Rupp (Department of Molecular und Clinical Infectious Diseases, UKSH,
Libeck) we used this method to analyze a later developmental stage (48 hpi) of
C. pneumoniae infection in presence or absence of Tanshinone IIA (Kramer et al., 2015).
Thereby it was clearly visible that Tanshinone IIA treatment resulted in a significant decrease
of 1,-NAD(P)H in comparison to untreated infected cells. Thus we hypothesize that
Tanshinone 1A treatment results in limitations of glucose and subsequent ATP supply, which
is responsible for an incomplete development and leads to persistence (Lee et al., 2001;
Ojcius et al., 1998c). This hypothesis is supported by the finding that reduction of host cell
ATP synthesis, e.g. by glycolysis inhibition, caused generation of aberrant C. trachomatis
inclusions and was accompanied by decreased T1,-NAD(P)H values in the chlamydial
inclusions (Solbach et al., 2011).

4.2 Part Il —infection and transfer of chlamydiae in human primary

macrophages

4.2.1 Transgenic chlamydiae - a new perspective in studying host pathogen

interaction

Due to the complex intracellular developmental cycle of chlamydiae, it was a long time not
possible to genetically manipulate these bacteria (Binet and Maurelli, 2009; Clarke, 2010;
Kari et al., 2011; Tam et al., 1994). Recently a chlamydial plasmid, which was modified to
express the green fluorescent protein (GFP), was used as vector shuttle for introduction in a
plasmid-free C. trachomatis L2 strain with several rounds of penicillin selection (Wang et al.,
2011). These genetically modified chlamydiae are now penicillin resistant and express GFP,
making them a useful tool in chlamydiae research. However, it should be considered that
genetic transformation can induce alterations in infectivity or infection development, as
described for the West Nile virus, in which the viral replication was found to be reduced after
insertion of a GFP reporter gene (Pierson et al., 2005). In addition, the research group which

developed the chlamydial transformation system showed that transformation of
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C. trachomatis with another large transforming plasmid extended the development cycle and
slightly reduced the chlamydial progeny in comparison to the untransformed strain (Wang et
al., 2011). However, in course of our experiments we did not observe significant differences
in infection morphology, infection rate or chlamydial load between the wildtype and its
transgenic variant. Thus, we concluded that eGFP-C. trachomatis is a perfect tool for

microscopical studies of chlamydiae host cell interactions.

4.2.2 Chlamydiae infection of human macrophages results in persistent

infection phenotype

Until now, most studies regarding chlamydiae infection focused on an epithelial cell infection
model, as these cells are the first to be exposed to the bacteria. While chlamydiae infection
in epithelial cells is well studied, only little information is available about chlamydiae infection
in human primary macrophages. These host immune cells are suggested to play an
important role in disease dissemination (Moazed et al.,, 1998; Zandbergen et al., 2004).
Upon infection using C. trachomatis, either wildtype or transgenic, but also C. pneumoniae,
we predominantly observed a persistent phenotype in both pro-inflammatory hMDM | and
anti-inflammatory hMDM II. These data are in line with other studies concerning chlamydiae
infection of macrophages or monocyte or macrophage derived cell lines. It could be
demonstrated that, for example THP-1 and Mono Mac 6, are susceptible for chlamydiae
infection, although chlamydial replication is limited (Gaydos et al., 1996; Haranaga et al.,
2003; Yamaguchi et al., 2002). Most of the studies performed recovery experiments which
revealed that less viable chlamydiae could be obtained from infected macrophages
compared to the amount which was used for infection. Furthermore, the observed chlamydial
inclusions were small and aberrant and resembled a persistent phenotype, which was not
only found in vitro but also in vivo (Nanagara et al., 1995; Skowasch et al., 2003; Yamaguchi
et al., 2002). In addition to this persistence phenotype, we also observed the presence of
large, replicative-like inclusions in some macrophages. With first recovery experiments we
could confirm that the C. trachomatis inclusions from hMDM | and Il indeed harbored
infectious elementary bodies. This is in concordance with other studies which also found
chlamydial recovery after macrophage infection what indicates that chlamydiae are able to
replicate inside macrophages (Gaydos et al., 1996; Moazed et al., 1998; Yamaguchi et al.,
2002).
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4.2.3 Different susceptibility to chlamydiae infection between macrophage

phenotypes

Human primary macrophages were found to be susceptible to both C. trachomatis and
C. pneumoniae, however not in a similar extent. Comparing infection of the different
chlamydiae species, the infection rates for C. pneumoniae were always the lowest.
A possible explanation could be due to host cells aberrations, as C. pneumoniae usually
infects alveolar macrophages which differ from blood monocyte derived macrophages we
used in our experiments (Gautier et al., 2012; Hearst et al., 1980). Interestingly, independent
of the used species, we found more hMDM Il than hMDM | to be infected, indicating a more
efficient uptake by anti-inflammatory hMDMs. This finding is in agreement with several
studies which also described a higher phagocytic capacity for anti-inflammatory hMDM 11,
compared to hMDM |. They found a more efficient phagocytosis for hMDM Il towards
apoptotic cells and various pathogens, e.g. Leishmania, Mycobacterium bovis BCG or
Listeria  monocytogenes, probably due to their role in scavenging debris and tissue
remodeling (Akagawa, 2002; Bayer et al., 2012; Diget et al., 2013; Neu et al., 2013; Ogden
et al., 2005; Verreck et al., 2004; Xu et al., 2006; Zizzo et al., 2012). Regarding the fact that
an enhanced uptake of chlamydiae occurred in anti-inflammatory macrophages it was
proposed that the increased presence of mannose receptor on this macrophages phenotype
may be responsible for the better susceptibility. Mannose receptors were shown to assist in
chlamydial uptake as demonstrated for C. trachomatis, C. psittaci and C. pneumoniae in
mouse macrophages (Gracey et al.,, 2013; Kuo et al., 2002). Surprisingly, the chlamydial
load, analyzed by detection of 16S rRNA, was more elevated in hMDM | as compared to
hMDM II. For most pathogens a better survival in anti-inflammatory type Il macrophages is
suggested, as fewer pro-inflammatory defense mechanisms are present, such as the
anti-microbial peptide LL37, (Bank et al., unpublished data). Intracellular pathogens are able
to strategically interfere with the pro-inflammatory defense mechanisms, for example by
modulating cytokine production thereby reshaping macrophage phenotypes, as described for
Leishmania, Mycobacterium tuberculosis and Francisella tularensis (Thi et al.,, 2012).
Anti-inflammatory type |l mouse macrophages were demonstrated to promote viable
C. muridarum growth, while pro-inflammatory type | mouse macrophages controlled infection
through persistence induction (Gracey et al., 2013). In contrast, using a human macrophage
infection model, we demonstrated a higher chlamydial load in the pro-inflammatory hMDM I.
Interestingly, also more replicative inclusions were present in this macrophage phenotype.
Since large sized replicative-like inclusions possibly contain a higher number of chlamydiae
as compared to smaller, aberrant inclusions, we suggest that this explains the increased
bacterial load in hMDM I. However, as only small numbers of large sized replicative-like

inclusions were found, we cannot exclude that this finding is of minor biological relevance.
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4.2.4 Regulation of AP-1in human macrophages after chlamydiae infection

The finding that chlamydiae development occurred differently in distinct macrophage
phenotypes raised the question whether AP-1 may play a decisive role in determining the
chlamydiae infection phenotype. As demonstrated for C. pneumoniae infection in epithelial
cells, we speculated that transcription factor AP-1 may be involved in regulation of replicative
or persistent infection of pro- and anti-inflammatory hMDM. As many LPS-inducible genes in
macrophages carry AP-1 sites, a role for AP-1 would not be unlikely (Tugal et al., 2013).
Inflammatory stimuli such as LPS stimulation cause the induction of a pro-inflammatory
immune response in macrophages, amongst others via the c-Jun N-terminal kinase (JNK)
signaling pathway, a key regulator of c-Jun/AP-1 (Casals-Casas et al., 2009; Chang and
Karin, 2001; Hambleton et al., 1996; Sanchez-Till6 et al., 2007). Following LPS stimulation
c-Jun/AP-1 does not only contribute in the induction of pro-inflammatory responses, but
counterbalances inflammation by the production of the anti-inflammatory cytokine IL-10 (Das
et al., 2014; Pretolani, 1999; Voll et al., 1997). We measured protein level of c-Jun and c-Fos
of both hMDM phenotypes with and without C. trachomatis infection. The involvement of
c-Jun seemed to be more pronounced in the pro-inflammatory response, as we found
a significant higher c-Jun expression in pro-inflammatory hMDM | compared to
anti-inflammatory hMDM 1I. In agreement, in murine bone marrow derived macrophages
(BMM) which were treated with GM-CSF and M-CSF, respectively, the GM-BMM showed
faster and enhanced AP-1 activation in the presence of LPS compared to M-BMM cells
(Fleetwood et al., 2007). Surprisingly, we did not observe a pronounced regulation of c-Jun
or c-Fos upon C. trachomatis infection. A possible explanation may be that chlamydial LPS
differs from that of other gram negative bacteria, such as E.coli (Cao et al., 2007). In all, we
found no evidence for AP-1 involvement in the development of either persistent or replicative

chlamydiae infections in human primary macrophages.

4.2.5 Induction of apoptosis for silent chlamydiae transfer

Upon initial infection, epithelial cells are permissive for productive, replicative chlamydiae
infection after which they can be transferred to the macrophages. We suggest that the way of
cell entry, for instance via apoptotic blebs, may be decisive for the outcome of infection
(Byrne and Oijcius, 2004; Zandbergen et al.,, 2004). The formation of blebs was only
observed during chlamydiae infection, whereas the control cells remained viable. These
blebs contained viable chlamydiae as identified by their movement in our microscopical
investigations. Our preliminary live cell imaging data demonstrated that a proportion of the

blebs bared signs of early apoptotic markers such as externalization of phosphatidylserine,
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suggestive for chlamydial induction of apoptosis in their host cell. This phenomenon was
already described wupon infection of neutrophils. It was demonstrated that
chlamydiae-infected neutrophils delayed spontaneous apoptosis up to 66 h through
stabilization of anti-apoptotic protein Mcl-1 (Sarkar et al., 2015). Then apoptosis occurred
and resulted in formation of chlamydiae-containing apoptotic blebs which exposed
phosphatidylserine on their surface (Rupp et al., 2009). In vivo, neutrophils and monocytes
are recruited quickly upon infection and neutrophils are typically the first phagocytes that
encounter the site of inflammation (Van Furth et al., 1973; Lehrer et al., 1988; Nathan, 2006;
Sunderkoétter et al.,, 2004). Acute C. trachomatis infection was found to correlate with
infiltration of polymorphonuclear neutrophils (PMNs) (Patton and Kuo, 1989). Also during
acute C. pneumoniae infection an increased amount of polymorphonuclear neutrophils
(PMN) invaded into the lung, as result of IL-8 release from the infected epithelial cells
(Molestina et al., 1999). Subsequently, the chlamydiae are rapidly internalized by the PMNs
(Zandbergen et al., 2004). Although chlamydiae can survive and multiply inside
PMNs/neutrophils their role for chlamydial infection is more likely to function as a vector,
similar to a Trojan horse strategy (Rupp et al., 2009). It was demonstrated that the life span
neutrophils which normally undergo spontaneous apoptosis within 6 - 10 h was prolonged for
up to 90 h upon C. pneumoniae infection, demonstrated via annexin V and TUNEL staining
(Luo and Loison, 2008; Zandbergen et al., 2004). While induction of apoptosis in initial
infection is used by several pathogens to escape immune response, obligate intracellular
bacteria, such as chlamydiae and Rickettsia, seem to benefit from the inhibition of apoptosis
(Galmiche et al., 2000; Hilbi et al., 1997; Mduller et al., 2000; Weinrauch and Zychlinsky,
1999). Inhibition of apoptosis enables chlamydiae to complete their development, protects
them against cytotoxic T cells and supports the establishment of a long-term infection (Clifton
et al., 1998; Dean and Powers, 2001; Fan et al., 1998; Jendro et al., 2004; Perfettini et al.,
2003). Another important aspect of delaying apoptosis is the infiltration of macrophages
which are supposed to be responsible for systemic dissemination of chlamydiae (Blasi et al.,
2004; Maass et al., 2000; Rupp et al., 2009; Shio et al., 2012). The role of macrophages for
chlamydial dissemination was already demonstrated for C. pneumoniae during in vivo
experiments with mice (Moazed et al., 1998). Also in human clear evidence exists that
macrophages are crucial for systemic dissemination of chlamydiae (Blasi et al., 2004; Rupp
et al., 2009; Shio et al., 2012). Moreover, the importance of macrophages as preferred host
cell is emphasized by the finding that C. pneumoniae infection of THP-1 cells, a human
monocytic cell line, and human peripheral blood monocytes actively induced differentiation
into macrophages (Yamaguchi et al., 2002). To gain a silent entrance into macrophages,
chlamydiae utilize neutrophils and monocytes as vector and misuse apoptosis to achieve
their transfer. In line with the result that macrophages internalize apoptotic,

chlamydiae-infected neutrophils, we could observe macrophages to interact with blebs,
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originating from chlamydiae-infected epithelial cells. These findings strengthen the
hypothesis that chlamydial release does not only occur by cell lysis or extrusion, but also by

induction of host cell apoptosis and subsequent transfer via apoptotic blebs.

Regarding the release of chlamydiae from their host cell, mainly three ways are discussed,
namely host cell lysis, extrusion or induction of host cell apoptosis (Byrne and Ojcius, 2004;
Hybiske and Stephens, 2008; Ojcius et al., 1998b; Zandbergen et al., 2004). In contrast to
cell lysis and extrusion, the induction of apoptosis and the subsequent uptake by
macrophages provides features which are beneficial for a silent uptake. Phagocytosis of
apoptotic cells, e.g. neutrophils, is associated with inhibition of pro-inflammatory and release
of anti-inflammatory cytokines, like TGF- and IL-10 (Fadok et al., 1998; Huynh et al., 2002;
Silva et al., 2008; Voll et al., 1997). TGF-B in turn leads to suppression of LPS-mediated
release of inflammatory cytokines by infected cells (Lucas et al., 2006). Furthermore, the
externalization of phosphatydilserine (PS) on the surface of cells is a signal for phagocytosis
recognized by T Cell Immunoglobulin Mucin 4 (Tim4), Brain Angiogenesis Inhibitor 1 (Bail)
and Stabilin 1/2 (Devitt and Marshall, 2011). Phagocytosis of PS-exposing apoptotic cells by
macrophages leads to secretion of anti-inflammatory cytokines, reduces production of
nitric oxide and reactive oxygen species and poor stimulation of T and B cells (Byrne and
Ojcius, 2004; Fadok et al., 1998; Goerdt and Orfanos, 1999; Huynh et al., 2002; Ronchetti et
al., 1999; Voll et al., 1997).

98



Discussion

4.3 Concluding remarks

From the data obtained during this PhD thesis we can conclude that transcription factor AP-1
plays a role in chlamydiae infection of epithelial cells. In our epithelial cell model the
chlamydial regulation of especially c-Jun was demonstrated and seems to be essential for a
proper chlamydiae development. In addition, we revealed that Tanshinone IIA treatment
strongly impaired chlamydiae development leading to the induction of a persistent infection
phenotype. The underlying mechanism of Tanshinone IlA-induced persistence still has to be
elucidated in future studies. In our infection model using human macrophages as immune
host cells, we observed phenotype specific differences in chlamydiae infection. While more
anti-inflammatory hMDM got infected, the amount of chlamydiae inside pro-inflammatory
hMDM was higher. Together with the finding, that replicative-like infections were
predominantly found in pro-inflammatory hMDM, we hypothesize that this macrophage
phenotype is more suitable as a host cell for chlamydiae replication. Since the mechanism
which determines the development of either a persistent or a replicative infection in
macrophages remains elusive, further investigations are required. Regarding the chlamydial
transfer, we are confident that the combination of our experimental approaches, using
epithelial and human primary cells, with live cell imaging will provide further evidence that
apoptotic blebs can be used as strategy for silent chlamydiae infection of macrophages.

In all, these data will contribute to a better understanding of chlamydial host cell modulation
and chlamydial immune evasion. Decoding the chlamydial transfer mechanisms is of
essential importance for the development of efficient strategies in order to combat the

complex chlamydial infections.
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