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Abstract 
Bacteria use various mechanisms such as resistance, persistence, and tolerance to survive in 

unfavorable conditions. Bacterial persistence is a tendency of a bacterial population to adopt a 

non-growing phenotype and gain the ability to survive exposure to high concentrations of 

antibiotics while hiding from the host immune system. Persisters arise from actively replicating 

bacterial populations as subpopulations without significant metabolic activity that tolerate 

traditional antibiotic treatments. 

Chlamydia pneumoniae is a gram-negative intracellular human pathogen. The ability of C. 

pneumoniae to convert into a persistent phenotype has been related to several chronic 

inflammatory diseases, such as atherosclerosis and asthma. Transcriptomic changes in C. 

pneumoniae and its host cells have been studied previously, but proteomic-level host-chlamydial 

interactions remain elusive. At present, antichlamydial treatments against persistent infections 

are not available for clinical use. 

In this study, different cell models were characterized and validated to investigate persistent C. 

pneumoniae infection and to discover novel drug treatment targets in persisters. Human THP-1 

monocyte derived macrophages and A549 human respiratory epithelial cell line were used to 

examine host-pathogen interactions during persistent C. pneumoniae infection and effects of 

clinically used antibiotics and lignans from a widely used dietary supplement Schisandra 

chinensis.  

C. pneumoniae was found to adopt a non-replicating and antibiotic tolerant persistent phenotype 

in THP-1 macrophages soon after inoculation. In addition to persistence, a subpopulation of 

actively replicating C. pneumoniae was discovered to exist among the persisters. The infection 

was tolerant to clinically used antichlamydial antibiotic indicating a persistent phenotype. As a 

hallmark of productive infection, infectious progeny production was also observed in the culture, 

but at a lower level than in permissive host cells. C. pneumoniae infection was concluded to be a 

mixed, where persistent and productive phenotypes are present at the same time inside 

macrophages.  

Label-free quantitative proteome analysis and pathway analysis tools were used to identify 

changes in THP-1 macrophages upon C. pneumoniae infection. At 48 h post-infection, the 

inflammatory pathway was induced, for example via NF-κB regulation by S100A8 and S100A9 

calcium-binding proteins.  

At 72 h post-infection, the proinflammatory consequences of the infection were dampened and 

infection-induced biological processes were related to cell cycle and DNA replication, which were 

negatively affected by C. pneumoniae. The host macrophage cell cycle control was inhibited by 

the downregulation of mini chromosome maintenance (MCM) proteins MCM2-7. The relevance 



 
 

of such events for C. pneumoniae replication was demonstrated by the ability of a cyclin-

dependent kinase (CDK) 4/6 inhibitor to promote C. pneumoniae infectious progeny production. 

C. pneumoniae infection was found to suppress retinoblastoma expression and the 

downregulation was reverted by treatment with a histone deacetylase inhibitor. Together, these 

findings indicate that C. pneumoniae seems to affect the differentiation of host cell macrophages 

and indicates host cell changes associated with a myeloid-derived suppressor cell phenotype. 

The second persistent infection model was established in the A549 epithelial cell line with beta-

lactam treatment. Based on the findings by inclusion count and quantitative culture/infectious 

progeny production, amoxicillin treatment induced a persistent phenotype in clinical antibiotic 

levels. By microscopy, small abnormal inclusions were observed. Persistent infection also reduced 

the efficacy of azithromycin and doxycycline used in clinically relevant concentrations when the 

antibiotics were added later or at the same time with amoxicillin treatment.   

The third persistence model was attempted to be set up in epithelial cells as a continuous infection 

model. The model has been described before in the literature in a different cell line. In contrast 

to previous reports applying another cell line, bacteria were observed inside host cells by qPCR 

only for four weeks post-infection. Based on our results, A549 epithelial cells do not support long- 

lasting continuous infection of C. pneumoniae. 

Schisandra lignans have earlier been reported to have antichlamydial effects against actively 

replicating C. pneumoniae infection in vitro. The effects of S. chinensis lignans on persistent C. 

pneumoniae infection were studied in different models. Schisandrin C was found to reduce 

genome copy numbers and infectious progeny production more than the golden standard 

antibiotic azithromycin in THP-1 macrophages. Schisandrin did not have a bactericidal effect on 

persistent infection, but instead it activated the resuscitation of persistent bacteria, as 

demonstrated by induced infectious progeny production. The concomitant treatment with 

schisandrin and azithromycin reduced infectious progeny production and genome numbers of C. 

pneumoniae more than high-dose azithromycin treatment alone. 

In contrast to the effects in THP-1 macrophages, a similar effect was not observed in the 

amoxicillin-induced persistence. Moreover, schisandra lignans seem to hinder azithromycin in 

decreasing bacterial infectious progeny production. Determining the mode of action of schisandra 

lignans requires further research, but lignans are known to affect mammalian cell glutathione 

levels. Redox activity of the compounds is suggested to be at least a part of the mechanism of 

action. 

Overall, these results contribute to the available research methods for persistent C. pneumoniae 

infection. New findings in pathogen-host relationships may give us new possible antipersister 

drug targets for future investigations and results on the lignans represent a possible interactive 

role of redox-active supplements with antimicrobial treatment.
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1 Introduction 
Bacterial persistence is a widely reported phenomenon of bacteria causing relapsing infections 

and antibiotic treatment failure (Balaban et al. 2019). Persistent bacteria can survive under high 

concentrations of antibiotics in a non-replicative phenotype and start regrowth after antibiotic 

withdrawal. Lengthy antibiotic treatment of persistent infections may also lead to the 

development of antibiotic resistance.  

Persistence is recognized as a survival mechanism of Chlamydia pneumoniae (Panzetta et al. 

2018). C. pneumoniae is an obligate intracellular human pathogen that causes respiratory tract 

infections, but it can disseminate to other body sites. Persistent C. pneumoniae infection has been 

connected as a risk factor to many chronic diseases such as atherosclerosis (Shor et al. 1992, 

Grayston et al. 2015), asthma (Webley et al. 2005) and Alzheimer's disease (Balin et al. 2018). 

The current clinical treatment options are only effective against productive C. pneumoniae 

infection and medication for persistent infections is still lacking. Because the pathogens causing 

lower respiratory tract infections are not usually identified at diagnosis (Metlay et al. 2019, 

Woodhead et al. 2022), treatment is often started with unsuitable antibiotics. Inappropriate 

antimicrobial treatment with beta-lactams can lead to the induction of C. pneumoniae persistence 

(Wolf et al. 2000, Chacko et al. 2015). 

C. pneumoniae can survive and replicate inside peripheral blood mononuclear cells and cause 

several host responses inside these cells (Airenne et al. 1999, Marangoni et al. 2014). For example, 

inflammatory responses to bacterial infection and oxidative stress have been reported in 

monocytes and macrophages (Virok et al. 2003, Azenabor et al. 2005). Instead, the mechanisms 

leading to persistence triggering inside the immune cells are still mostly unknown.  

In addition to the absence of treatments against persistent C. pneumoniae, diagnostics methods 

of persistence are also lacking validation and sufficient specificity. Discovering valid biomarkers 

for persistent C. pneumoniae infection is therefore necessary. The persistence mechanisms of 

extracellular bacteria have been actively studied and published over the last decades, but the 

corresponding mechanisms of persistent C. pneumoniae are not recognized. 

Proteomic analysis presents a putative method for identifying novel drug targets against 

persistent C. pneumoniae infection. Because new antichlamydial compounds are urgently 

needed, natural compounds are briefly described in this thesis as potential sources of 

antichlamydial compounds.   
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2 Review of the literature  
  

2.1 Bacterial persistence  
 

Bacteria apply various mechanisms such as resistance, tolerance, and persistence, to ensure 

survival. These are also notable reasons for recurrent bacterial infections after antibacterial 

treatment. One of the most acknowledged bacterial survival mechanisms against antibiotic 

treatment is resistance (Balaban et al. 2019). In antibiotic resistance, bacteria can replicate in the 

presence of a drug and the minimum inhibitory concentration (MIC) of the antibiotics is 

increased. In contrast to resistance, the MIC value does not change in tolerance, where bacteria 

can survive under antimicrobial pressure by phenotypic variation (Handwerger and Tomaz 1985, 

Brauner et al. 2016), for example by demonstrating a slower rate of killing due to metabolic 

inactivity. 

Persistent bacteria are a subpopulation of tolerant cells (Keren et al. 2004, Brauner et al. 2016, 

Balaban et al. 2019). Persisters are non-growing bacteria that are able to survive the transient 

exposure to a high concentration of an antibiotic. Persistent bacteria culture is described as 

heterogenic culture, owing to a biphasic killing curve where the majority of the bacteria 

population is killed, and the subpopulation survive for a longer period (Balaban et al. 2004). 

Persisters arise from actively replicating bacteria populations as non-growing bacteria and 

without significant metabolic activity. Therefore, persistent bacteria can survive under intensive 

antibiotic treatment without being resistant.  

Balaban et al. (2019) have defined bacterial persistence phenomena to clarify the research 

methods and concept of persistence. They distinguish two different types of persistence based on 

origin; persistent infection, a general term to describe infections that are not efficiently eradicated 

by the host; and antimicrobial persistence resulting from a delayed clearance of the bacterial load 

by antibiotics.  

Four critical features have been presented for antibiotic stimulated persistence: 1) biphasic killing 

curve 2) re-sensitization towards antibiotics upon reviewal, 3) weak dependence between the size 

of the population and antibiotic concentration if it is far above MIC, and 4) inability to replicate 

under antibiotic challenge while maintaining a lower rate of killing.  

 

 



17 
 

2.1.1 Bacterial persistence mechanisms  
 

Several mechanisms can trigger the bacteria to enter persistence. Persistence can be divided into 

triggered persistence (formerly type I), in most observations of persistence, and spontaneous 

persistence (formerly type II), where persisters may occur spontaneously in steady state 

exponential growth and when all parameters are kept constant (Balaban et al. 2019).  

Numerous factors, such as cellular stress, nutrient deprivation, extreme pH, and damaged DNA 

can trigger persistent cell formation (Harms et al. 2016). It has been also shown that persister 

underlies within immune system cells and biofilms (Brooun et al. 2000, Monack et al. 2004, 

Fisher et al. 2017). The molecular mechanisms used by the persistent bacterial subpopulations 

involve toxin-antitoxin (TA) modules, Guanosine penta/tetraphosphate (p)(ppGpp) signaling, 

drug efflux pumps, SOS response, RpoS mechanism and ribosomal dormancy (Balaban et al. 

2019, Kaushik et al. 2022). Representative mechanisms of bacterial persistence are presented in 

Figure 1.  Three of the most well-known mechanisms are briefly described below.   

  

2.1.1.1 PpGpp  
 

Guanosine penta/tetraphosphate (ppGpp) is mainly involved in the control of stringent response 

of bacteria (Pacios et al. 2020). It is produced specially during nutrient stress, such as amino acid 

or fatty acid starvation, but also as a response for various signals including oxygen variation, 

decreasing of pH, osmotic shock, and temperature shift. PpGpp has been shown to inhibit DNA 

primase and bind to the RNA polymerase in gram-negative bacteria (Lemke et al 2011, Pacios et 

al. 2020.) For example, increased levels of ppGpp lead to inhibition of DNA gyrase activity in 

Escherichia coli, thus preventing DNA replication and transcription, resulting in tolerance toward 

quinolones such as ofloxacin (Amato et al. 2013). Taken together, these changes lead to dormancy 

or slow growth of bacteria cells.  

  

2.1.1.2 Toxin-antitoxin system  
 

Toxin-antitoxin system (TA) consists of a toxin and a corresponding antitoxin (Page and Peti 

2016, Zou et al. 2022). TA systems are ubiquitous modules identified in almost all bacteria. They 

are believed to be stress-response elements that can cause a transient persistent phenotype in 

bacteria. Usually, a stable toxin diversely inhibits important cellular processes, while a labile 

antitoxin prevents its function under favorable conditions. The toxin in the TA system is typically 
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a protein, whereas the antitoxin varies in structure, and can be a non-coding RNA in type I and 

III TA systems, or a protein in the other TA systems (Page and Peti 2016).  

Six types of TA modules have been described, with types I and II modules being extensively 

reported in the literature. Type I antitoxins are antisense RNAs that block the translation of the 

mRNA of their cognate toxin, thus inhibiting its translation (Page and Peti 2016, Ronneau and 

Helaine 2019). In type II TA systems, antitoxins are proteins that neutralize their toxins by direct 

binding. Type III antitoxin is known to be a toxin binding sRNA, antitoxin IV is a competitor of 

the toxin target and type V degrades the toxin mRNA as an endoribonuclease (Page and Peti 2016, 

Harms et al. 2018, Ronneau and Helaine 2019). The last type (VI) attacks the toxin proteolytically. 

Additionally, three systems where the antitoxin is an enzyme have been described and these have 

been suggested as the seventh type (Wang et al. 2021).  

  

2.1.1.3 SOS  
 

The SOS system includes mostly genes involved in DNA repair in bacteria (Baharoglu and Mazel 

2014, Zou et al. 2022). It is a conserved system repairing and regulating DNA that is activated by 

single-stranded DNA (ssDNA). Injuries in the double-strand DNA can be triggered by cell 

malfunction or various conditions, such as blocked DNA replication, oxidative stress, extreme 

pH, and antibiotic treatment.   

The mechanism of SOS induction is well known. Briefly, the protein RecA is recruited on ssDNA 

by presynaptic complexes. RecA binds ssDNA in the form that catalyzes the proteolysis of the 

repressor LexA. The inhibition of LexA leads to the induction of SOS regulon and the repairing of 

damaged DNA (Baharoglu and Mazel 2014). SOS response also causes changes in genome 

plasticity and gene expression, inducing bacterial persistence under harsh environments (Zou et 

al. 2022). Additionally, it induces several genes of TA modules in E. coli through LexA regulation.   
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Figure 1. Representative mechanisms of bacterial persistence during environmental stress and 

antibiotic exposure. Different environmental stressors induce the formation of persistent 

phenotype (red) from normal phenotypic bacteria (blue).  

 

 

2.2 Chlamydia pneumoniae  
 

Chlamydia pneumoniae (also known as Chlamydophila pneumoniae) is a gram-negative obligate 

intracellular human pathogen (Grayston et al. 1986, Kuo et al. 2015). C. pneumoniae is recognized 

primarily as a respiratory tract pathogen, but it can also adopt a non-replicative and dormant 

persister form which has been associated with many chronic diseases (Hogan et al. 2004, 

Panzetta et al. 2018).   

C. pneumoniae is a widespread pathogen of the human respiratory tract, causing bronchitis, 

sinusitis, and community-acquired atypical pneumonia (Grayston et al. 1993). It is estimated that 

most of the population becomes exposed to this pathogen throughout their lifetime, but most of 

the infections are mild or asymptomatic (Kuo et al. 2015).  However, it may also cause severe 

diseases, and it has been estimated that 10 % of all community-acquired pneumonia (CAP) cases 

are caused by C. pneumoniae (Blasi et al. 1993, Grayston 2000).  
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2.2.1 History  
 

C. pneumoniae was isolated for the first time in Taiwan in 1965 (Grayston 1992), but its role as a 

human pathogen was not recognized until 1983, when the first respiratory isolate was obtained 

in the United States and named as TWAR in 1986 from two original isolates, Taiwan (TW-183) 

and an acute respiratory isolate (AR-39) (Grayston et al. 1986, Kuo et al. 1986). In 1989 TWAR 

was recognized as the third species of Chlamydia, on top of C. trachomatis and C. psittaci, and 

named as Chlamydia pneumoniae (Grayston et al. 1989). Of all fully sequenced Chlamydia 

species, C. pneumoniae has the largest genome and the largest number of unique genes, but also 

many homologous genes with other Chlamydia species (Hölzer et al. 2020). Compared to other 

Chlamydia species, it forms a pear-shaped inclusion (Grayston et al. 1989).   

There has been debate over the taxonomic classification of the family Chlamydiaceae (Everett et 

al. 1999, Sachse et al. 2015). C. pneumoniae belongs to the phylum of Chlamydiae and the class 

of Chlamydia, and the order of Chlamydiales. The family of Chlamydiaceae has been distributed, 

into two genera: Chlamydia and Chlamydophila, where C. pneumoniae is placed into the latter. 

Chlamydophila includes five additional species: C. abortus, C. psittaci, C. felis, C. caviae, and C. 

pecorum. The genus Chlamydia includes C. trachomatis, C. suis, and C. muridarum. This 

classification was based on 16S rRNA sequence identification by Everett et al in 1999, which led 

to the renaming of Chlamydia pneumoniae into Chlamydophila pneumoniae.    

Nevertheless, scientists have not accepted the division into two genera and different taxonomy 

databases present varying classifications (Sachse et al. 2015, Schoch CL et al. 2020, Parks et al. 

2021). The bacteria in the family Chlamydiaceae are characterized by small and highly conserved 

genomes (Stephens et al. 2009, Sachse et al. 2015, Hölzer et al. 2020). In the case of the 

Chlamydiaceae, a typical 16S rRNA sequence difference cut-off threshold of 95 % does not 

consistently separate the genera Chlamydia and Chlamydophila. Moreover, clear phenotypic 

features distinguishing these two genus species are missing. In the literature, both Chlamydia 

pneumoniae and Chlamydophila pneumoniae are still in use, and in this work Chlamydia 

pneumoniae is used.  

  

2.2.2 Life cycle  
 

C. pneumoniae has a unique biphasic lifecycle consisting of intracellular and extracellular 

bacterial forms (Kuo et al. 1995, Hammerschlag et al. 2015). During its life cycle, C. pneumoniae 

alternates between different morphologies. Extracellular forms of chlamydia are called 

elementary bodies (EB). They are small, approximately 0.3 µm in diameter, round shaped 
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particles. EBs express many histone-like proteins and are considered as the non-replicative form 

of chlamydia. EBs were originally thought to be metabolically inactive, but research has shown 

EBs to have some metabolism (Omsland et al. 2014, Grieshaber et al. 2018)  

The intracellular form of chlamydia is called the reticulate body (RB). They are bigger than EBs 

(around 0.8 – 1 µm in diameter), pear-shaped and represent the replicative form of the bacterium 

(Wolf et al. 2000). RBs replicate inside a membrane-structured inclusion in the host cell. The 

inclusion protects the bacteria, for example, by preventing lysosome fusion and thus avoiding 

host cells immune defenses (Elwell et al. 2016). RB replication results in the expansion of the 

inclusion, until signals of presently unknown nature stimulate the RBs to transform into 

infectious EBs. These in turn exit the host cell, as a ready for a new infection. The entire life cycle 

of C. pneumoniae lasts approximately 72 hours and it is briefly presented in Figure 2. 

 

2.2.2.1 Entry 
  

The adhesion of C. pneumoniae is a two-step process including a low-affinity interaction with 

heparin sulfate proteoglycans via the large cysteine-rich periplasmic protein OmcB (OmcB), 

followed by binding to host cell receptors (Moelleken &Hegemann 2008, Gitsels et al. 2019). 

Several membrane proteins have been recognized as adhesins reacting with host cell receptors 

(Moelleken & Hegemann 2007, Mölleken et al. 2013, Elwell et al 2016). Reactive adhesins and 

receptors are also host cell type dependent. For example, in epithelial cells, the chlamydial 

membrane protein OmcB binds to heparan sulphate-like glycosaminoglycans (Moelleken & 

Hegemann 2007) and polymorphic membrane protein 1 (pmp1) recruits human epidermal 

growth factor receptor (Mölleken et al. 2013).  

After adhesion and receptor binding, the EB is internalized in a membrane-bound vesicle, and 

chlamydial type three secretion system (T3SS) proteins are injected into the host cell (Engel et al. 

2016). T3SS is a highly conserved syringe-like nanomachine composed of 20 to 25 proteins 

including needle-tip complex. It enables the bacterial cell to translocate effector proteins through 

the plasma membrane of a targeted host cell or, in the case of Chlamydia, also through the 

inclusion membrane (Lugert et al. 2003, Engel et al. 2016). For example, T3SS secreted Inc 

effector proteins are shown to be at the inclusion membrane and interact with host Rab GTPases. 

These proteins are one group responsible for the remodeling of the Golgi apparatus and the 

regulation of relocation of early inclusion (Roulis et al. 2013, Mölleken and Hegemann 2017). 
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2.2.2.2 Differentiation and multiplication 
 

After internalization, the chlamydial EBs start to differentiate into RBs inside the inclusions. The 

discharge of the OmcA and OmcB complex leads to the decrease of disulfide bridges and a more 

fragile form of the bacterium (Aistleitner et al. 2015). These genes are mostly expressed in the 

early and late states of the chlamydial life cycle and significantly less in the middle (Belland et al. 

2003). The cell wall of the bacterium becomes more flexible and less durable. RBs multiply by 

binary fission. During multiplication, the inclusion grows, filling a large part of the host cell at the 

end of the replication. 

Chlamydial inclusion avoids fusion with lysosomes by modifying the inclusion membrane (Gitsels 

et al. 2020). The Inc proteins recruit Rab GTPases, which regulate the fusion of phagosomes with 

endosomes. Furthermore, Rab GTPases recruit their adaptor FIP2, which is essential for the 

intracellular positioning of inclusions (Mölleken and Hegemann 2017). The inclusion is located 

by microtubules near the Golgi region, which enables the capturing of host metabolites. These 

metabolites are necessary for chlamydial survival, since the intracellular pathogen does not 

produce everything it needs itself. 

After several binary fissions, RBs start to differentiate back to EBs asynchronously.  

 

2.2.2.3 Exit  
 

At the end of the chlamydial life cycle, new EBs are released from the host cell, approximately 72 

h post-infection (Hybiske and Stephens 2007). New EBs may be released from the host cell by 

host cell lysis or by the extrusion pathway, also called the packaged release mechanism. In 

extrusion, the inclusion pushes itself out from the membrane without harming the host cell and 

EBs are left inside of the inclusion (Zuck et al. 2016). In cell lysis, both the chlamydial inclusion 

and the host cell rupture spontaneously (Hybiske and Stephens 2007). After exiting, new EBs are 

ready to infect new host cells and propagate.  
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Figure 2. Life cycle of Chlamydia pneumoniae. The elementary bodies (EB, blue) are internalizing 

inside the host cell inside of the inclusion. After differentiation, the reticulate bodies (RB, green) 

multiply by binary fission. The RBs differentiate back to the EBs and exit the host cell by cell lysis 

or extrusion system. During the life cycle the RBs may transfer to persistent bacteria phenotype 

(aberrant body, AB, pink) induced by an external stress factor or, for example, inside 

macrophages.  

 

2.2.3 Structure and metabolism  
 

C. pneumoniae is a gram-negative bacterium with a small genome of around 1073 genes (Kalman 

et al. 1999, Sache et al. 2015, Hölzer et al 2020) of which 186 genes are not homologous with other 

Chlamydia species.  

C. pneumoniae has two membranes in the cell wall with a narrow periplasmic space dividing them 

(Grayston et al. 1989. Kuo et al. 2015). At present, there is no experimental data to demonstrate 

the presence of peptidoglycan in the cell wall of C. pneumoniae, even though it encodes proteins 

that form a nearly complete pathway for its synthesis (McCoy and Maurelli 2006). A limited 

peptidoglycan ring has been shown to exist in the cell wall of C. trachomatis, C. muridarum, and 

C. psittaci (Liechti et al. 2016), and it can be thus assumed that C. pneumoniae synthesizes at 
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least partial peptidoglycan units. The chlamydial cell wall is attached with many cysteine-rich 

proteins, which form disulfide cross-links. These bonds improve the rigidity and osmotic stability 

of the extracellular form of the bacterium (Hatch 1996). 

The major outer membrane protein MOMP (encoded by the gene ompA) is the most abundant 

protein in the outer membrane of the Chlamydiaceae and covers 60 % of the proteins of outer 

membrane proteins (Aistleitner et al. 2015). MOMP functions as a porin and forms disulfide 

bridges between cysteine rich MOMPs (Hatch 1996, Aistleitner et al. 2015). The porine nature of 

MOMP is reported to be depending about the oxidation of the protein (Bavoil et al. 1984). 

MOMP's pore-forming ability is enhanced by reduction and DTT-reduced EBs tend to remind 

RBs. Cross-links between small cysteine-rich outer membrane proteins OmcA (OmcA) and 

OmcB, also take part in controlling the permeability and rigidity of the cell wall. OmcB is 

extensively cross-linked in the periplasm of EBs and forms disulfide bonds with both MOMP and 

OmcA (Findlay et al 2005). The extensive disulfide cross-linking in EBs may inactivate the porin 

and prevent expansion of the growing bacterial cell wall. Disulfide bridges are reduced after entry 

into the host cell, leading to a more flexible and fragile morphological form.  

In addition to MOMP, another major group of membrane proteins are the polymorphic 

membrane proteins (Pmps). This protein family is unique for the Chlamydiaceae family, and 21 

of the Pmps have been identified in C. pneumoniae (Montigiani et al. 2002). Pmps are involved 

in host cell adhesion, and additional cell wall-associated functions such as molecular transport 

and signaling have been proposed (Montigiani et al. 2002, Mölleken et al. 2014, Becker and 

Hegemann 2014). 

Chlamydia species have been described as energy parasites that rely on host cell metabolites for 

their survival (Gitsels et a. 2019). C. pneumoniae is dependens on several amino acids produced 

by the host, and in contrast to other Chlamydia species, C. pneumoniae lacks the full tryptophan 

biosynthesis pathway (Pantoja et al. 2001, Xie et al. 2002). The human immune response induces 

interferon gamma (IFN-γ) production, which leads to tryptophan depletion in the host cell. 

Tryptophan starvation can either kill the tryptophan auxotrophic bacteria or alter their gene 

replication, thereby transforming the bacteria into a persistent state, as reported in C. 

pneumoniae (Ouellette et al. 2016). For amino acid metabolism, C. pneumoniae has a scavenger 

metabolism system including the gene Cpn1046, phhA, encoding an aromatic amino acid 

hydroxylase; genes for purine and pyrimidine salvage as well as a complete biotin synthase 

pathway (Kalman et al 1999, Abromaitis et al. 2009, Roulis et al. 2013.). The latest is unique for 

C. pneumoniae and not present in other Chlamydia species. This provides a mechanism for 

survival during nutrient sequestration by the host cell. 
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The interplay between Chlamydiae and host cell energy metabolism is not well understood. C. 

pneumoniae has been reported to increase ATP levels in murine macrophages in a MOI 

(multiplicity of infection)-dependent manner, with a lower MOI causing a higher ATP elevation 

(Yaraei et al. 2005). The larger infective dose was suggested to induce more host cell stress 

responses and ultimately cell death, leading to diminished ATP. 

Chlamydial inclusion membrane includes the Npt1 antiporter, which catalyzes the intake of host 

ATP to change for bacterial ADP and phosphate, implying ATP to be necessary for the inclusion 

(Trentmann et al. 2008). In addition to transporters, C. trachomatis has genes encoding many 

enzymes of key energy metabolism pathways, including glycolysis and the Krebs cycle (Stephens 

et al. 1998). The energy metabolism of C. trachomatis is active especially in the middle of the life 

cycle via Na+–NQR enzyme, in a sodium gradient dependent manner (Liang et al 2018). Na+ - 

NQR is an enzyme catalyzing the transfer of electrons from NADH to ubiquinone. The inhibition 

of sodium gradient blocked growth and protein expression in C. trachomatis. Similar studies are 

not presented with C. pneumoniae, but further research is needed to elaborate the topic.  

 

2.2.4 Epidemiology  
 

It has been estimated that most people are infected by C. pneumoniae at least once in their 

lifetime (Kuo et al. 1995, Blasi et al. 1998), and seroprevalence increases with age. It is uncommon 

in small children but reaches 50 % seroprevalence by the age of 20 and more than 70 % by the 

age of 65. C. pneumoniae infection is more common in males than females. 

Most infections caused by C. pneumoniae are mild or asymptomatic, but it can generate severe 

disease. It is estimated to cause about 10 % of community-acquired pneumoniae (CAP) and 5 % 

of bronchitis and sinusitis (Kuo et al. 1995). Because of the generally mild symptoms, C. 

pneumoniae infections have been estimated to be underdiagnosed. In Finland, only 261–293 

cases per year were reported in 2015–2019 compared to C. trachomatis, with 13 678–16 280 

reported cases during the same period (Finnish institute for health and welfare 2022), even 

though seroprevalence of C. trachomatis is lower than in C. pneumoniae. For example, in the 

USA there it is no national reporting or surveillance system for C. pneumoniae infections (CDC, 

updated: November 15, 2021).  
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2.2.5 Diagnostics  
 

C. pneumoniae infection can be detected via serological diagnostic methods, culturing, or 

polymerase chain reaction test (PCR). Established diagnostic methods for C. pneumoniae have 

been based on serological antibody measurements including microimmunofluorescence (MIF) 

tests, ELISAs, and enzyme immunoassays (EIA) (Goldstein et al. 2007). Centers for Disease 

Control and Prevention of the United States (CDC) has defined MIF testing as a currently 

acceptable serological test, despite its limitations (CDC 2021). Serological tests are based on 

measurements of IgM or IgG antibodies (Goldstein et al. 2007). These antibodies increase after a 

few weeks of infection, IgM earlier than IgG (Wang 2000). With an MIF test, false negative and 

false positive IgM results are especially common in small children and older patients, 

respectively. Other limitations are the complex technique and variation between labs because of 

the lack of standardized reagents. EIAs have some advantages compared to MIF tests by being 

objective and less technically complex, but because of their inferior sensitivity and specificity, 

CDC does not consider EIAs as a recommendable diagnostic assay (Goldstein et al. 2007).  

The advantages of PCR testing are its sensitivity and fast results compared to MIF testing and 

therefore CDC recommends PCR for acute C. pneumoniae diagnostics (CDC 2021). The first 

commercially available PCR kit for C. pneumoniae diagnostics was introduced with FDA approval 

in 2012, and a faster kit became available in 2018 (Poritz 2011, Buchan et al. 2021). The tests are 

for bronchoalveolar lavage-like specimens and sputum-like specimens. These multiplex panel 

tests can be performed in clinical diagnostic laboratories and they do not require traditional PCR 

instruments or sample preparation expertise of laboratory personnel. The PCR reaction is an 

automatic reaction system in one pouch. The sensitivity of a multiplex panel test has been lower 

than in traditional single target PCR and bacterial cultivation, but these have improved lately 

(Buchan et al. 2021). 

Diagnosing C. pneumoniae infection can be difficult in clinical situations. Many C. pneumoniae 

infections are low symptomatic and resemble other lower airway pathogen infections (Kuo et al. 

2015). In medical guidelines, pneumonia diagnosis is recommended to be based on clinical 

symptoms and measurements of the C-reactive protein (M Woodhead et al 2011). Neither the 

guidelines in United States, Europe, nor Finland recommend routine microbiology testing as part 

of the diagnosis of CAP (Woodhead et al 2011, Acute lower respiratory tract infection in adults, 

Duodecim Current Care Guidelines, 2015, Matley et al. 2019, Vilhonen 2020). Microbiological 

identification tests are made only if the chosen antibiotics are not effective, or if the patient has 

other risk factors or severe symptoms.  
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2.3 Chlamydia persistence 
 

In 1950, Weis et al. discovered C. muridarum and C. felis to form an enlarged, abnormal 

morphology when exposed to penicillin (Weis et al. 1950). A similar effect was later noticed for C. 

trachomatis and C. psittaci. In 1961, Galasso and Manire showed that penicillin reduced the 

infectious progeny production of C. psittaci in epithelial HeLa cells to a low level, but an 

unexpectedly rapid recovery of replication was observed after penicillin removal (Galasso and 

Manire 1961).  In 1992, Hammerschlag et al. reported a persistent C. pneumoniae infection over 

one year after antibiotic treatment in patients (Hammerschlag et al. 1992). 

Nowadays, we know that these observations reflect the phenomenon of chlamydial persistence. 

During the replication stage of its life cycle, C. pneumoniae may enter a non-replicative and 

metabolically altered persistent state. The persistent form of C. pneumoniae is called an aberrant 

body (AB). This phenotype has been described with an irregular morphology and multiple 

particularly small inclusions, as based on electron microscopy (Airenne 1999, Wolf et al. 

2000). Chlamydia may enter to the persistent form spontaneously or via an external stress 

response, such as antibiotic treatment, nutrient deprivation, IFN-y addition, co-infection with 

Herpes Simplex Virus or by other conditions that induce stress to bacteria (Panzetta et al. 

2018). The mechanisms and molecular basis underlying the formation and recovery of 

persistence are still incompletely understood.  

In addition to in vitro persistence, Chlamydia have been shown to enter persistence also in vivo 

(Panzetta et al. 2018). C. pneumoniae has been observed in tissues by culture and 

immunostaining, and chlamydial DNA has been extracted long after symptomatic infection (Balin 

et al. 1998, Maass et al 1998, Panzetta et al. 2018). In a mouse model, C. pneumoniae infection 

was able to reactivate long after the primary infection when mice were treated with cortisone, 

indicating that immune responses may trigger C. pneumoniae persistence in the tissues (Laitinen 

et al. 1996). Based on in vivo persistent infection, it has been hypothesized that a subpopulation 

of bacteria obtains the persistent form, and while the actively replicating bacteria are killed by the 

host immune system or antibiotic treatment, the persisters are able to survive and may reactivate 

when stressful conditions are resolved (Panzetta et al. 2018). 
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 2.3.1 External stress induced persistence 
 

2.3.1.1 Beta-lactam induced persistence 
  

Withstanding prolonged exposure to penicillin was the first evidence for chlamydia persistence. 

Penicillin and other beta-lactam antibiotics are widely used in respiratory infections and there is 

a considerable risk for inappropriate penicillin treatment during chlamydial infection (Metlay et 

al 2019). Already low concentrations of beta-lactam antibiotics, such as penicillin G or ampicillin, 

have been shown to cause aberrant body production and persistence (Wolf et al. 2000, Klos et al. 

2009, Chacko et al. 2015).   

As described in chapter 2.2.3 (Structure and metabolism), Chlamydiae do not have as 

extensive peptidoglycan production as other gram-negative bacteria. However, they encode 

peptidoglycan-synthesizing high molecular weight penicillin-binding proteins (PBPs), which 

makes them a target for beta-lactams (Panzetta et al. 2018). Beta-lactam antibiotics inhibit the 

crosslinking of peptidoglycan and lead to the disruption of chlamydial cell division. This stress 

induces the downregulation of genes needed for RB to EB differentiation, such as omcB, and 

results in the formation of persistent aberrant bodies. Penicillin may inhibit cell division by 

binding Pbp2 and Pbp3 proteins and thus affect cell division and cell wall synthesis (Oullette et 

al. 2012). The stress response of High temperature requirement A protease (HtrA) has been 

shown to increase during penicillin induced persistence in C. trachomatis (Huston et al. 2008). 

The connection of HtrA to chlamydial persistence was established later by the revival of 

persistence when the infection was treated with an HtrA inhibitor (Ong et al. 2013). It is a 

conserved system across chlamydial species and a protein homolog can also be found in C. 

pneumoniae genome based on Basic Local Alignment Search Tool (BLAST) (Gish and States 1993, 

Lawrence et al. 2016).   

Even though beta-lactam induced persistence has been studied especially in C. trachomatis 

during the last decades, the molecular basis behind the antibiotic induced persistence is still 

poorly characterized. Moreover, the response to penicillin and the ability to recover after 

antibiotic removal seem to be bacterial strain dependent (Chacko et al. 2015). Infectious progeny 

recovery was shown to be possible only for human C. pneumoniae isolates compared to those of 

koala and bandicoot origin, and human cardiovascular isolates demonstrated a stronger ability 

to recovery than respiratory isolates. Recovery was also dependent on the penicillin dose.  
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2.3.1.2 Interferon gamma induced persistence 
 

Interferon gamma (IFN-γ) is a cytokine secreted primarily by T-lymphocytes and NK cells. It has 

key roles in the regulation of immune responses and in host defense against pathogens 

(Czarniecki and Sonnenfeld 1993). IFN-γ induces different immunological responses in host cells 

including tryptophan starvation in human cells. The IFN-γ exposure increases the activity of 

indoleamine-2,3-dioxygenase, a catabolic enzyme that degrades tryptophan into N-

formylkynurenine and kynurenine, causing tryptophan depletion in the target cell. Chlamydial 

persistence has been suggested to be a response to this nutrient starvation (Pantoja et al. 2001). 

Molecular and gene transcription level changes during IFN-γ induced persistence have been 

studied mostly in C. trachomatis models, but some research has been focusing on C. pneumoniae 

as well (Molestina et al. 2002, Oulette et al. 2006, Klos et al. 2009). Consistent findings in 

proteomic studies include the upregulation of MOMP proteins, stress response proteins, such as 

heat shock protein 60, chromosome repairing proteins and nucleotide biosynthesis proteins 

(Molestina et al. 2002, Mukhopadhyay et al. 2006). Similar effects have been observed in 

transcriptomic data (Oullette et al. 2006, Klos et al 2009). Oullette et al. (2006) reported that 

genes involved in RB to EB differentiation were upregulated in C. pneumoniae in the presence of 

IFN-γ. This is not in line with proteomics data and the notion of ceasing RB to EB differentiation. 

Different results in transcriptomics and proteomics studies may be a result from different host 

cell lines and active transcription without effective translation in bacteria. The same group found 

out in 2016, that during IFN-γ-induced tryptophan restriction, C. pneumoniae accumulates 

tryptophan codon rich transcripts, likely as a result of ribosome stopping on tryptophan codons 

(Ouellette et al. 2016).  

 

2.3.1.3 Nutrient deprivation 
 

Different nutrients are necessary for C. pneumoniae during its life cycle and as an intracellular 

pathogen, it is highly dependent on nutrients of the host cell. Iron is an essential metal involved 

in important cell functions, such as electron transport and DNA synthesis, and serves as a cofactor 

for many enzymes (Nairz & Weiss 2020). Limiting iron availability is also a part of the host 

defense against bacterial infections. 

The limitation of free intracellular iron has been reported to induce persistence in C. pneumoniae 

(Al-Younes et al. 2001). Free intracellular iron can be removed by iron chelators such as 

deferoxamine mesylate. It does not remove bond iron from the host cell. C. pneumoniae has 

transferrin receptors around its inclusion membrane, indicating that chlamydia takes iron in 
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from the host cell (Al-Younes et al. 1999). During iron-starved culturing, the number of 

transferred receptors increases (Al-Younes et al. 2001). The persistent morphology can be 

reverted, and infectious progeny production is recovered by exogenous iron addition. 

During iron deficiency induced persistence, chlamydial gene transcription profile is also changing 

compared to productive infection (Mäurer et al. 2007, Klos et al. 2009). On the cell wall proteins, 

ompA, ompB, and all pmp coding genes, except pmp19, were downregulated. Moreover, the genes 

responsible for the T3SS were downregulated. However, some energy metabolism genes such as 

genes involved in glycolysis (tpiS, pkg, and dhnA) and atpE ATP synthase subunits were 

upregulated. Overall, it seems that genes related to RB to EB differentiation are mostly 

downregulated in the iron deprivation model (Mäurer et al. 2007).  

 

2.3.2 Spontaneous persistence 
 

2.3.2.1 Continuous infection 
 

C. pneumoniae may enter persistence via an external stimulus or spontaneously inside the host 

cell. C. pneumoniae has been reported to enter a persistent infection phenotype inside epithelial 

cells in conditions referred to as continuous infection (Kutlin et al. 1999). In the continuous 

infection model, host cells are inoculated once with C. pneumoniae (Kuttlin et al 1999, Kuttlin et 

al. 2001). After a few days, non-infected cells have detached, and fresh culture medium is added. 

During subsequent incubation, new growth of host cells is observed, and the infected host cells 

are grown without the addition of new cells or chlamydia. This model has been described as a 

more analogous process of spontaneous persistent infection development than many other 

persistent models because no external inducers are used and cell growth, lysis, and chlamydial 

production should be in balance. 

The continuous infection has been shown to decrease the apoptosis of host cells compared to 

acute C. pneumoniae infection in the same host cell line (Kohlhoff et al. 2008), thus the persistent 

phenotype of C. pneumoniae was assumed to make host cells more resistant to apoptosis.  

In transcriptional analysis, cell membrane protein coding genes Pmp1, OmpA, and porB have 

been reported to be upregulated during continuous infection compared to acute infection in 

epithelial cells (Hogan et al. 2003). OmpA and porB have been found to be upregulated also in 

IFN- γ model, but these results are opposite from those observed in the iron depletion model 

(Mathews et al. 2001, Mäurer et al. 2007). The expression profiles have been reported to differ 



31 
 

between the persistent chlamydial models (Klos et al 2009), which can be partly explained by 

variable host cells and chlamydia isolates.  

 

2.3.2.2 Infection in monocytes and macrophages 
 

C. pneumoniae has been isolated from different tissues. It has been reported to infect and survive 

inside human peripheral blood mononuclear cells (PBMC) (Gaydos et al. 1996, Airenne et al. 

1999, Poikonen et al. 2008). In monocytes and macrophages, C. pneumoniae has been shown to 

acquire a persistent phenotype (Gaydos et al. 1996, Airenne et al. 1999, Buchacher et al. 2014, 

Marangoni et al. 2014,). In monocytes, C. pneumoniae adapts the abnormal RB phenotype than 

in other persistence models, as based on electron microscopy and produces a significantly lower 

levels of bacterial infectious progenies than in permissive epithelial cells (Airenne et al 1999, Wolf 

et al. 2005). It has been reported to survive inside monocytes and macrophage cells for a long 

time without total clearance (Gaydos et al .1996, Marangoni et al. 2014), but the survival seems 

to depend on the macrophage type and C. pneumoniae strains (Herweg &Rudel 2016, Buchacher 

et al. 2015). 

One hypothesis is that C. pneumoniae hides from the human immune system and transfers to 

other body sites from respiratory airways inside immune cells (Gieffers et al. 2004). Supporting 

this theory, C. pneumoniae has been shown to be able to transfer from infected epithelial cells to 

nearby monocytic cells in vitro (Kortesoja et al. 2020). It has also been suggested that C. 

pneumoniae most likely transfers first to neutrophils and not directly to monocytes (Rupp et al. 

2009). C. pneumoniae infection has also been found to induce differentiation of THP-1 monocyte 

cells into macrophages (Yamaguchi et al. 2002). 

When comparing chlamydial transcriptional changes during infection, heat shock protein 60- 

encoding genes have been noticed to be upregulated in monocytes (Klos et al 2009). In contrast, 

in epithelial cells with both phenotypes of infection, productive and persistent, heat shock 60-

protein was downregulated (Klos et al. 2009). Overall, not many studies covering the whole 

transcriptome or proteome of C. pneumoniae and host innate immune cells are published. 

Typically, an encounter of monocytes or macrophages with a microbe result in the generation of 

effector molecules such as reactive oxygen species (ROS) and nitric oxide (NO) that are purposed 

to kill the bacterium (Noubade et al. 2014). In C. pneumoniae infection, ROS and reactive 

nitrogen species (RNS) may trigger C. pneumoniae to shift towards its persistent form. In the 

human-derived THP-1 cells, C. pneumoniae elevates the overall ROS production and triggers 
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nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation (Azenabor et al. 

2005).  

Human immune cells additionally produce the cytokine IFN-γ as a response to microbial 

infection. C. pneumoniae also induces IFN-γ production, but the presence of IFN-γ is not a major 

factor decreasing the growth of C. pneumoniae and it does not explain the rise of persistent 

infection in immune cells (Kis et al. 2008). 

 

2.3.3 Chlamydia persistence and link to chronic diseases 
 

2.3.3.1 Atherosclerosis 
 

The first proposal of a connection between C. pneumoniae and inflammatory atherosclerosis 

plaques was made by Saikku et al. in 1988 based on seroepidemiological studies (Saikku et al. 

1988). A bit later, C. pneumoniae was found in an atherosclerotic plaque by Shor et al in 1992 

(Shor et al 1992). After these studies, C. pneumoniae has been physically related to atherosclerotic 

plaques via many different methods, for example, by immunofluorescence, PCR and culturing 

(Kuo et al. 1993, Watson & Alp. 2008, Grayston et al. 2015, Khoshbayan 2021).  

Opposite opinions of the connection have also been presented (Boman & Hammerschlag 2002). 

In long clinical studies, antibiotic treatment did not influence the prevalence of heart failure 

(Grayston et al. 2005, Campbell et al. 2014). Later, this type of research has been criticized 

because the enrolled patients were in an advanced state of cardiovascular disease, who are likely 

not responding to treatment as well as those in the earlier state of atherosclerosis (Campbell et 

al. 2014, Grayston et al. 2015). Already formed tissue damage and atherosclerotic plaques are not 

treatable with an antibiotic. In the case of C. pneumoniae, a single-dose antibiotic treatment does 

not eliminate the option of persistent infection. However, this research has made clear that long-

lasting antibiotics should not be recommended for the treatment of patients with late state 

coronary heart disease or peripheral artery disease. 

On a molecular level, C. pneumoniae has been shown to upregulate the oxLDL receptor LOX-1 in 

epithelial cells and to promote the uptake of oxLDL (Campbell et al. 2013). In macrophages, C. 

pneumoniae inhibits the expression of the cholesterol transporters ABCA1 and ABCG1, which 

play a critical role in cholesterol efflux and are connected with the foam cell formation (Liu et al. 

2010, Zhao et al 2014).  

The activation of NADPH oxidase by C. pneumoniae in monocytes and macrophages also 

increases their ability for LDL oxidation, which promotes, for example the atherosclerosis 
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progression (Chvez-Sanchez et al. 2014). C. pneumoniae has been additionally associated with 

macrophage foam cell formation, which is connected with atherosclerosis development 

(Kalayogly and Byrne 1998, Liu et al. 2010).  

In addition to human studies, animal studies have contributed to the evidence for the role of C. 

pneumoniae in the pathogenesis of atherosclerosis. Blessing et al. presented in 2002, that C. 

pneumoniae-induced lesion development started in mice only after a high-cholesterol diet, and 

not if the mice were infected before the diet (Blessing et al. 2002). In a rabbit model, C. 

pneumoniae was reported to induce arterial intimal thickening after intranasal inoculation in a 

mildly hyperlipidemic rabbit model. Arterial effects were prevented with simultaneous 

azithromycin treatment (Muhlestein 2000). Taken together, these studies suggest that C. 

pneumoniae may act at least as a possible risk factor together with hyperlipidemia for 

cardiovascular disease (Grayston et al. 2015). Overall, studies concerning the connection between 

C. pneumoniae and atherosclerosis are inconsistent and antibiotic treatment researchon patients 

in the early state of atherosclerosis is not published.  

 

2.3.3.2 Asthma 
 

Asthma is a chronic inflammatory disease of the airways presenting with cough, wheeze, 

shortness of breath, and chest tightness (Hammad & Lambrecht 2021). Asthma often starts at a 

young age (childhood-onset asthma), but some patients can develop asthma later in life (late-

onset asthma). 

C. pneumoniae specific IgE antibody has been associated with asthma in children and adult 

patients (Hahn et al. 2021). In contrast, C. pneumoniae specific IgM, IgG, and IgA antibodies did 

not show any precise or consistent connection with chronic asthma. The elevation of total IgE has 

been also strongly associated with lavage culture positivity of C. pneumoniae in children (Webley 

et al. 2005). 

C. pneumoniae IgE has been reported to have a positive association with asthma severity (Hahn 

et al. 2012). Researchers have detected C. pneumoniae DNA in peripheral blood in half of subjects 

who were C. pneumoniae IgE positive, which may indicate the presence of the bacteria. C. 

pneumoniae IgE could be one possible biomarker for infection in asthma patients.  

Mechanisms behind the persistent C. pneumoniae infection with asthma are mostly unknown. A 

possible explanation for asthma severity during C. pneumoniae infection are anti-inflammatory 

responses in the airway tissue increasing IL-6 and IL-8 levels (Webley & Hahn 2017). C. 

pneumoniae has also been reported to induce IFN-γ levels in the peripheral blood mononuclear 
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cell culture originated from children with asthma, compared to non-asthmatic controls (Smith-

Norowitz et al. 2017). In contrast, the same group later reported lower tumor necrosis factor alpha 

(TNFα) levels in pediatric asthma patient samples when infected with C. pneumoniae (Smith-

Norowitz et al. 2017). Lower TNFα level permits higher proliferation of C. pneumoniae (Njau et 

al. 2009). In addition to cytokine expression, C. pneumoniae has also been reported to inhibit 

ciliary motion in bronchial epithelial cells similarly to cigarette smoke (Shemer-Avni & 

Lieberman 1995). 

European Respiratory Society/American Thoracic Society and British Thoracic Society guidelines 

recommend macrolides as treatment options for severe asthma (Holguin et al. 2020, GINA 2019). 

Macrolide treatment is mentioned as an off-label use of antibiotics because the possibility of 

atypical bacterial infections should be considered. Macrolides may reduce the risk of having 

asthma exacerbation, but conclusive evidence for any effect in reducing severe exacerbations or 

hospitalizations is missing. More research in the connection of C. pneumoniae and asthma is still 

needed.  

 

2.3.3.3 Alzheimer’s disease 
 

Alzheimer’s disease (AD) is a progressive neurodegenerative disease clinically characterized by 

memory deficits and other cognitive changes (Masters et al. 2015). The neuropathology of AD 

comprises the development of neuronal amyloid plaques, and the reported AD-related effects of 

C. pneumoniae focus mostly on amyloid-β (Aβ) peptides (Woods et al. 2020).  

C. pneumoniae has been reported in post-mortem PCR screening and immunohistochemistry 

staining of brain samples from AD patients (Woods et al. 2020). Paradowski et al. (2007) isolated 

C. pneumoniae DNA from post-mortem samples of AD patients’ cerebrospinal fluid and reported 

a correlation between AD status and C. pneumoniae positivity (Paradowski et al. 2007). However, 

research results are inconsistent, and other studies have not detected evidence of C. pneumoniae 

infection in AD patients (Taylor et al. 2002, Ring & Lyons 2000). Neverthless, many of the studies 

have been performed with low number of patients and the detection methods are varying, which 

makes the comparison of findings difficult.  

In a mouse model, brain isolates of C. pneumoniae have been reported to enter and survive in the 

brain following intranasal inoculation (Little 2004). These authors conducted a similar study in 

2014 with AR-39 strain (alveolar laboratory strain), but amyloid plaques were not as effectively 

formed (Little et al 2014). They suggested that some strains of C. pneumoniae in certain 

populations or geographical areas may have been better adapted to colonizing the human brain, 
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while strains from other locations may favor tropism in other tissues. Nevertheless, these kinds 

of animal studies may improve our understanding of the connection between AD and C. 

pneumoniae.  

 

2.4 Chlamydia treatment strategies 
 

2.4.1 Antibiotic treatment 
 

The primarily recommended antibiotic treatments for C. pneumoniae infections are tetracyclines, 

macrolides, and quinolones (Kohlhoff & Hammerschlag 2015). These antibiotics work by 

interfering with DNA or protein synthesis in bacteria. One of the most often recommended 

choices is the macrolide azithromycin (Metlay et al. 2019, Duodecim 2019). Its mechanism of 

action is the binding of the bacterial ribosome S50 subunit and preventing tRNA from binding to 

the ribosome, which leads to the inhibition of protein synthesis (Parnham et al. 2014). 

Tetracyclines (doxycycline and tetracycline) are another recommended class of antibiotics 

according to current guidelines. They bind to ribosomal subunit S30, instead of S50 (Chopra and 

Roberts. 2001). Quinolones’ mode of action is considered the inhibition of DNA replication by 

targeting DNA gyrase and topoisomerase IV (Fàbrega et al. 2009) 

Rifampicin also has a significant effect on C. pneumoniae and C. trachomatis infections, but 

concerns about resistance development of other bacteria species during therapy have withheld its 

use for the treatment of chlamydial infections in human (Schachter, J. 1983, Kutlin et al. 2005). 

Antibiotic resistance of C. pneumoniae has not been widely studied recently, but few documented 

reports show no examples of natural and stable antibiotic resistance in strains collected from 

human (Sandoz and Rockey 2010, Borel et al. 2016). No convincing evidence for in vivo 

development of homotypic resistance in C. pneumoniae has shown.  

In clinical situations, the pathogen causing CAP is not diagnosed based on laboratory tests, as 

instead antibiotic treatment is started based on public guidelines. American Thoracic Society 

(ATS) and Infectious Diseases Society of America (IDSA) do not recommend obtaining sputum 

gram-staining or bacterial culture routinely in adults with CAP in outpatient care (Metlay et al. 

2019). ATS/ IDSA guidelines recommend amoxicillin treatment as the first line antibiotic and 

doxycycline as the second option in adults with CAP. Macrolide antibiotics are not recommended 

as the first-line monotherapy because of the high incidence of macrolide-resistant S. pneumoniae. 

For adults with comorbidities such as chronic heart, lung, liver, or renal disease or diabetes 
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mellitus, combination therapy with amoxicillin or cephalosporin together with macrolide or 

doxycycline are recommended. 

European Respiratory Society/European Society of Clinical Microbiology and Infectious Diseases 

(ERS/ESCMID) guidelines recommend amoxicillin or tetracycline as the first line antibiotics in 

patients with suspected or confirmed pneumonia (Woodhead et al 2011). The final choice is left 

to the countries own choice based on the antibiotic resistance situation. In Finnish guidelines, 

laboratory test is not recommended as a routine procedure and CAP treatment is started with 

amoxicillin, but tetracyclines or macrolides are added after three days of treatment, if the first 

line antibiotic does not give a sufficient response (Duodecim 2015).  

Based on these guidelines, it is very likely that C. pneumoniae infections are treated first with 

amoxicillin. Amoxicillin treatment has been reported to alleviate symptoms of pneumoniae as 

effectively as other antibiotics used against atypical pneumonia pathogens, such as C. 

pneumoniae and Mycoplasma pneumoniae (Mills et al. 2005). The low prevalence of atypical 

pathogens compared to S. pneumoniae advocates this line of treatment. The use of amoxicillin in 

CAP is thus likely to continue. As mentioned above, this may trigger the persistent formation of 

C. pneumoniae and lead to antibiotic treatment failure. Earlier studies have reported no 

difference in the efficacy of amoxicillin treatment compared to placebo in vivo in mice (Bin et al. 

2000).  

 

2.4.2 Future strategies and investigation 
 

Internationally, the clinical treatment policies of C. pneumoniae infections are varying. Some 

effective antibiotics are often the second option in clinical use because of the risk of antibiotic 

resistance in other bacteria, therefore new antichlamydial strategies are needed. In addition, 

there is currently no treatment against persistent C. pneumoniae infection in clinical use. Because 

the lack of detection and diagnostic methods for persistent infection, the lack of treatment 

strategies has not been critical in clinical use.  

Prevention of infection could also be achieved by preventing the adhesion and internalization of 

the bacteria in the epithelial cells in the first place (Beeckman et al. 2014). For example, it may be 

possible to neutralize the polymorphic membrane proteins Pmp2 and Pmp10 by specific 

antibodies (Finco et al. 2005). Blocking these proteins also inhibited C. pneumoniae 

dissemination in a hamster model. No adhesion inhibition compound or antibody is currently 

commercially available. 
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One alternative could be the blocking of the pathogen’s T3SS system. Acylated hydrazones of 

salicylaldehydes have been reported to inhibit the T3ss system in C. pneumoniae and C. 

trachomatis in vitro (Bailey et al. 2007). One inhibitor was found to specifically inhibit the C. 

pneumoniae developmental cycle and decrease the transcription of T3SS-specific genes, whereas 

another prevented the intracellular replication of both C. pneumoniae and C. trachomatis. 

Drug repurposing presents an attractive source for antichlamydials, since the compounds would 

already be approved with known favorable pharmacokinetics and safety profiles. 

Antihyperlipidemic medicine simvastatin has been reported to decrease C. pneumoniae load in 

the lung of infected mice (Erkkilä 2005), while cerivastatin has been shown to inhibit C. 

pneumoniae in macrophage cells. (Kothe et al. 2000). The more hydrophobic analog pravastatin 

did not have a similar effect (Tiirola et al. 2007). The dependency of Chlamydia spp. on host cell 

cholesterol has been presented as a putative explanation for the efficacy, although this hypothesis 

lacks clinical evidence.  

A lot of research is still needed. One potential target class could be the nucleotide transport 

proteins that Chlamydia use for ATP scavenging from the host cell cytosol (Beeckman et al. 2014). 

Plant cells have similar proteins to chloroplasts, but mammalian mitochondrial and peroxisomal 

adenylate transporters are structurally different. However, no inhibitors of C. pneumoniae 

nucleotide transport have been identified yet. On the other hand, ATP depletion is associated with 

persister formation in Staphylococcus aureus (Conlon et al. 2016) and may thus not be an optimal 

mechanism.  

 

2.4.3 Vaccines 
 

Because of the high rates of reinfection, there is mounting pressure to develop Chlamydia 

vaccines. Many studies have been focusing on C. trachomatis and the sexually transmitted 

disease it causes, but research is also needed to curb C. pneumoniae. The experiments are mainly 

carried out in mouse models (Phillips et al. 2019). 

Many different antigens can be used in a vaccine. Those used in Chlamydia studies have been live 

and inactivated EBs, recombinant proteins, synthetic peptides, and naked DNA (Phillips et al. 

2019). The membrane protein most studied as an antigen, MOMP, has been shown to activate 

human immune responses (Ortiz et al. 1996, Pal et al .2005). C. trachomatis MOMP vaccination 

was reported to activate immune responses in a mouse model. Immunization with a purified 

preparation of MOMP was as effective as vaccination with viable C. trachomatis in creating a 

protective immune response against genital challenge in mice (Pal et al 2005). 
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Chlamydial outer protein N has been applied as an antigen in a C. pneumoniae vaccine animal 

trial (Tammiruusu et al. 2007). As an inclusion membrane protein, it is a potential target for 

MHC-dependent antigen presentation and thus a potential candidate for vaccination. 

Tammiruusu et al. (2007) were able to show a strong immune response and significant protection 

against intranasal C. pneumoniae exposure in their mouse model.  

The Pmp proteins present another possible antigen (Phillips et al. 2019). With highly conserved 

regions, the Pmp proteins could have the potential for inducing cross-genotype recognition 

(Vasilevsky et al. 2016). Pmp proteins are crucial in chlamydial entrance and unique for 

Chlamydia, making them a promising target for the immune response.  

The Chlamydia vaccine studies have faced challenges such as the ethics of human trials involving 

bacterial challenges post-immunization and the short-term nature of the acquired immunity 

(Phillips et al. 2019). Any observations of long-lasting immunity in chlamydial vaccine studies 

have not been reported thus far. Most of the studies have also been done in non-native hosts, for 

example C. trachomatis and C. pneumoniae research has been done in mouse models. More C. 

pneumoniae vaccine research is needed. 

 

2.4.4 Natural products 
 

One strategy to find new antimicrobial compounds is to screen natural products for bioactivity. 

Microbes and plants have been growing together throughout evolution and many plant materials 

contain potential antimicrobial compounds or potential sources of molecular modification.  

Salin et al. (2011) reported corn mint (Mentha arvensis) extract to be significantly effective 

against laboratory and clinical isolate strains of C. pneumoniae infection in vitro and in vivo 

(Salin et al. 2011). The extract decreased C. pneumoniae genome equivalent number by a relevant 

amount. The main components of corn mint, linarin and rosmarinic acid, were also effective in 

vitro. Different peppermint tea (Mentha × piperita L.) extracts have been studied in vitro against 

C. pneumoniae (Kapp et al 2013). All extracts of tea leaves from different origins were active 

against C. pneumoniae. In most cases, the antichlamydial activity was related to peppermint teas 

having a high content of luteolin and apigenin glycosides based on quantitative studies.  

Betulin derivatives have also been reported to have some effect on productive C. pneumoniae 

infection in a permissive cell line (Salin et al. 2010). Betulin is a lupane triterpene and can be 

easily extracted from birch bark, a side product of the forest industry (Eckerman & Ekman 1986). 

Betulin dioxime was shown to be effective already at a low concentration against the laboratory 
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strain CWL-029 and killing the clinical isolate K7 in vitro in only slightly higher concentration 

(Salin et al. 2010).  

Biochanin A, the main isoflavone component of red clover, has been shown to be effective against 

productive infection of C. pneumoniae and C. trachomatis in vitro (Hanski et al. 2014). Because 

biochanin A did not affect EBs, the authors assumed the action were related to the later stages of 

infection. However, extensive metabolism and poor water solubility are restricting the  

bioavailabilities of isoflavonoids and limiting factors for their oral dosing (Han et al. 2011). The 

first-pass metabolism of biochaning A was avoided with drug delivery within an oral film (Hanski 

et al. 2014). By formulation, the dissolution rate was also shown to be improved without the need 

for chemical modifications of the active molecule. 

Schisandra chinensis is a vine plant native to the forests of Northern China and the Russian Far 

East. Its fruits are established in oriental medicine. In addition to China, the berry extract has 

been also used in Russia (Panossian and Wikman 2008). In traditional Chinese medicine, the 

fruits were used to treat coughs, palpitations, and spermatorrhea based on “Shennong's Herbal 

Classic of Materia Medica” (Yang et al. 2022). Based on traditional applications, modern research 

has been focused, for example, on antitussive, cardioprotective, hepatoprotective, antioxidant, 

and anti-inflammatory properties (Nowak et al. 2019, Yang et al. 2022).  

S. chinensis berries contain many bioactive compounds, including lignans, triterpenes, phenolic 

acids, flavonoids, and polysaccharides (Szopa et al. 2017, Nowak 2022). The most abundant group 

of lignans are dibenzocyclooctadiene lignans, which occur also in other plants of Schisandra 

genus. The main lignans found in the berries are schisandrin and schisandrin B. Because their 

occurrence is limited to this plant family, these compounds are often called “schisandra lignans” 

(Szopa et al. 2019).  

Schisandra lignans have been widely studied, but the molecular targets mediating their bioactivity 

are still mostly unknown. They have been reported to reduce LPS induced cytokine production 

and to decrease the production of ROS and RNS as a part of an immunomodulatory reactions 

(Checker et al. 2012, Kang et al. 2014, Kortesoja et al 2019). The antioxidant properties have been 

connected to glutathione homeostasis (Oh et al. 2010, Kortesoja et al. 2021). Six of the lignans 

have also demonstrated antimicrobial activity against C. pneumoniae and C. trachomatis in 

permissive human epithelial cells in a productive infection model (Hakala et al. 2015).  
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3 Aims of the study 
 

C. pneumoniae is a globally important human pathogen with the ability to alter host cell 

functions, and persistent infection with the pathogen has been connected with many chronic 

diseases. Diagnostic tools for persistent infection lack validation and sufficient specificity, and 

drugs against persistent infection are not in clinical use currently. Persistent infections prolong 

the use of antibiotic treatments, thus increasing the possibility of antibiotic resistance 

development. 

The main objective of this thesis is to establish cell models to evaluate and study rational drug 

treatment of persistent C. pneumoniae infection, thereby to evaluate host-pathogen relationship 

in the persistent infection. Proteomic analysis and a chemical biology approach are taken to study 

the underlying mechanisms of intracellular bacterial persistence. Contrary to earlier work, the 

investigation focuses on the interplay between the bacterium and the host, rather than the sole 

bacterium. Possible combined effects of schisandra lignans and clinically used antibiotics are also 

evaluated in different cell models.  

 

The aims of this work are: 

• To characterize and validate persistent infection models of C. pneumoniae in THP-1 

monocyte derived macrophages and A549 human alveolar epithelial cell line. 

 

• To study pathogen-host interactions in C. pneumoniae persistence in macrophages. 

 

• To examine the effects of clinically used antichlamydial antibiotics in beta-lactam 

induced persistent bacteria model. 

 

• To study the effect of schisandra lignans in persistent infection models and the 

possibility to resuscitate the persistent bacterial phenotype. 
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4 Materials and methods 
 

4.1 Compounds 
 

The main compounds in this study are schisandra (dibenzocyclooctadiene) lignans (Table 1). The 

purity of the lignans was determined by NMR and presented in publication I. The lignans were 

dissolved in dimethyl sulfoxide (DMSO) at stock concentration 20mM.  

The antibiotics were dissolved in appropriate solvents: azithromycin, doxycycline and Palbociclib 

in DMSO, amoxicillin and valproic acid in sterile water. Compounds were diluted for each 

experiment to indicate final concentrations in the culture medium. All used compounds and 

reagents are presented in Supplementary table 1. 

 

Table 1. Schisandra lignans used in the study 

Compound Name/synonyms Structure CAS no. 

Schisandra  

lignans 

Schisandrin 
 

(+)-Schizandrin 

Schisandrine 

Wuweizichun A 

Wuweizi alcohol A 

 

 
 

7432-28-2 

Schisandrin B 
 

γ-Schizandrin 

Wuweizisu B 

Gamma-Schisandrin 

 

 
 

61281-37-6 

Schisandrin C 
 

Schizandrin C 

Wuweizisu C 

 

 
 

61301-33-5 
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4.2 Host cell lines 
 

All cell cultures were maintained at 37 °C, 5 % CO2, and 95 % air humidity. 

Human monocytic cell line, THP-1 cells (ATCC TIB-202, received from Professor Vincenzo 

Cerullo) originally isolated from an acute monocytic leukemia patient, were grown in RPMI 1640 

Dutch edition medium supplemented with 10 % fetal bovine serum (FBS), 2 mM L-glutamine, 

0,05 mM mercaptoethanol and 20 mg/l gentamicin. For the experiments, THP-1 cells were 

differentiated into macrophage-like cells by incubating them for 72 h with 160 nM phorbol-12-

myristate-13-acetate (PMA). 

Three different epithelial cell lines were used: HL, A549, and Hep-2 cell lines. Human epithelial 

HL cell line, originally isolated from the human respiratory tract (Kuo and Grayston. 1990) were 

obtained from professor Pekka Saikku (National Institute of Health and University of Oulu, 

Finland). HL cells were maintained in RPMI 1640 supplemented with 7,5 % FBS, 2mM L-

glutamine, and 20 mg/l gentamicin. 

A549 cells (ATCC CCL-185, received from Professor Vincenzo Cerullo), a human epithelial cell 

line, was originally isolated from lung carcinoma tissue and was cultured in low glucose DMEM 

supplemented with 2 mM L-glutamine, 10 % FBS and 20 mg/l gentamicin. Hep2 cells (ATCC 

CCL-23) were used for the propagation of bacteria. HEp-2 cells were maintained in DMEM 

supplemented with 10 % FBS and 20 mg/l gentamicin. 

Cells were seeded in well plates at the following densities: for 24-well plate, 350 000 cells/well of 

THP-1 macrophages and 400 000 cells/well of epithelial cell lines. For 6-well plates 106 cells/well 

were added. 

  

4.3 Viability assay 
 

Viability assays were performed to define cytotoxicity against THP-1 macrophages and epithelial 

cells. 70 % or higher viability of cells was considered acceptable. Briefly, cells were seeded into 

96-well plates at a density of 6 × 104 cells/well. After similar cell adhesion time as in infection 

experiments, compounds were added in the new fresh culture medium in the final concentration. 

Usnic acid was used as a positive control and DMSO as a vehicle control at the same concentration 

as present in the highest used test compound sample. Cells were incubated for 48–144 h. Culture 

medium with the studied compounds was replaced with fresh aliquots at 72 h in experiments 

exceeding this exposure time. After the exposure, resazurin in Phosphate-buffered saline (PBS) 
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was added in a final concentration of 20 µM. The culture was incubated for a further 2 h and 

fluorescence was measured at 570/590 nm with Varioskan Lux plate reader (Thermo Fisher 

Scientific). 

  

4.4 Chlamydial strain and propagation of C. pneumoniae 
 

A cardiovascular Chlamydia pneumoniae isolate strain CV-6 (obtained from Professor Matthias 

Maass (Maass et al. 1998), Paracelsus Medical University, Salzburg, Austria) was used in all 

experiments. The bacteria were propagated as previously described (Kortesoja et al. 2020) in 

permissive epithelial cell lines HL and Hep-2. Cells were inoculated with propagation medium 

(cell line specific medium supplemented with 0,6 mg/l cycloheximide (CHX), 100 mg/ml 

streptomycin and 3,75 mg/l amphotericin B) where C. pneumoniae CV-6 were added. Cells were 

incubated for 2,5 h at 37 °C and fresh medium was added to the culture. After 70 h incubation, 

cells were lysed and cell debris removed by centrifugating 10 min 500 g at 4 °C. EBs were collected 

by differential centrifugation (60 min, 21 000 g, 4 °C) and suspended in sucrose-phosphate-

glutamic acid. Bacteria stocks were stored at -80 °C.  

The titer of EB stock was determined in the permissive cell line by infecting cells with 10- fold 

dilutions of the stock as described below. After 72 h infection, cell samples were fixed and stained 

with a genus-specific FITC conjugated anti-LPS antibody. The titer was determined by inclusion 

counting with a fluorescence microscope InvitrogenTM EVOS® FL Imaging System (Thermo 

Fisher Scientific, Waltham, MA, USA). 

  

4.5 Chlamydia infection 
 

For infection of THP-1 derived macrophages and A549 epithelial cells in the amoxicillin model, 

cells were infected with C. pneumoniae. Shortly, the cell culture medium was removed and 

inoculum medium with Chlamydia stock was added to the cell monolayer. Well plates were 

centrifugated 1 h at 550 x g and incubated 1 h at 37 ̊C. After infection, the inoculum medium was 

removed and fresh medium or medium with appropriate compounds at the indicated 

concentrations were added. Well plates were incubated at 37 ˚C and samples were collected at 

the time points indicated for each experiment. When the plates were incubated over 72 h, the 

fresh medium was changed. When epithelial cells were infected, 1 mg/l of cycloheximide (CHX) 

was added to the inoculum medium and culture medium. For the amoxicillin model 10 mg/l 
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antibiotic was added at the same time as Chlamydia inoculation and when the fresh medium was 

changed. 

 

4.6 Infectious progeny production assay 
 

EBs were harvested from the infected monolayers at different time points post-infection by 

scraping cells in fresh cold medium with CHX. In some experiments, old culture medium was also 

collected, referred as supernatant samples. Samples were centrifugated 1 h at 4 ̊C and the pellets 

were suspended in fresh cold medium with CHX. 

The bacterial progeny production in the samples was quantified by inoculating them with new 

epithelial cell monolayers. After infection, fresh medium with CHX was added and cells were 

incubated for the next 70 h. Then the medium was removed, and the cells were fixed and stained 

with C. pneumoniae specific anti-LPS antibody. The titer was determined by inclusion counting 

with fluorescence microscope InvitrogenTM EVOS® FL Imaging System.  

  

4.7 Quantitative polymerase chain reaction (qPCR) 
 

For quantitative polymerase chain reaction analysis (qPCR), cell monolayers were washed once 

with PBS and scraped with fresh PBS. DNA from cell lysate samples were extracted by a GeneJet 

Genomic DNA purification kit (Thermo Fisher Scientific) according to the manufacturer’s 

instructions for mammalian cells. For the chlamydial standard curve, bacterial DNA was 

extracted from the purified EBs by instructions for gram-negative bacterial cells. Chlamydial 

genome number was determined using chlamydial OmpA specific primers variable domain 4F 

(VD4F) and variable domain 4R (VD4R). The primers have been published in the literature for 

clinical use (Tondella et al. 2002). Sequences of the primers are listed in Supplementary table S2. 

The PCR reaction was carried out in 96-well MicroAmp optical plates and detection was 

performed with Step One plus Real-Time PCR system (Thermo Fisher Scientific, Waltham, MA, 

USA). Conditions in the thermal cycle were 95 °C for 20 s and 40 cycles of 95 °C for 3 s and 60 °C 

for 30 s. Genome number of the sample was determined automatically by PCR system converting 

to the chlamydial standard curve. 
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4.8 Reverse transcription polymerase chain reaction (RT-
PCR) 
 

For Reverse transcription polymerase chain reaction (RT-PCR) analysis, cells were plated on 6-

well plates and infected as described above. Samples were collected at 48 h post-infection in cold 

PBS. Total RNA was extracted using PureLink RNA mini kit (Thermo Fischer Scientific). Purified 

RNA was used as a template for cDNA synthesis. cDNA was synthetized right after RNA 

purification using RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific).  

The primers used in the study are presented in Supplementary table S2. The expression of 

selected genes was quantified with Step One PlusTM Real-Time PCR system and the obtained Ct 

values were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an 

endogenous reference gene. Results were calculated using the 2−ΔΔCt equation.  

  

4.9 Western blot 
 

For western blot analysis, THP-1 cells were seeded to 6-well plates and infected with MOI 3 as 

described above. The cells were collected by scraping at 48 h post-infection and lysed in cold RIPA 

buffer (150 mM NaCl, 1 % NP40, 0,5 % sodium deoxylate, 0,1 % sodium dodecyl sulfate, 25 mM 

Tris in water) supplemented with Pierce phosphatase inhibitor and Pierce protease inhibitors. 

Insoluble material was separated by centrifugation at 13 800 x g for 20 min. Total protein 

concentrations of the samples were determined with Pierce Bicinchoninic acid (BCA) protein 

assay kit (Thermo Fisher Scientific) and detected with Multiskan Sky plate reader (Thermo Fisher 

Scientific, Waltham, MA, USA).  

An equal amount of protein was suspended with 4x Laemmli sample buffer (Bio-rad) and 

denatured by heating at 95 °C, 5 min. Protein separation was made by SDS-PAGE gel and 

transferred into a nitrocellulose membrane (Bio-Rad). Primary antibodies were incubated 

overnight at plus 4 °C and Rabbit IgG secondary antibody was incubated 1 h at room temperature. 

The blots were analyzed using ChemiDoc imaging system and ImageLab 6.0 software (Bio-Rad 

Hercules, California, USA) and normalized to the total protein amount of each lane.  
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4.10 Continuous infection  
 

Experiments were conducted in a manner adapted from Kutlin et al. 1999 and Kutlin et al. 2001. 

A549 and HL epithelial cells were seeded with fresh medium to 75cm2 flask at a density 8x106 

cells/flask and incubated overnight. Next morning, the old medium was removed and C. 

pneumoniae was added at MOI 5 in fresh culture medium without CHX. The other flask of cells 

was handled similarly but without bacteria, serving as a mock infection control. The flasks were 

incubated 2,5 h at 37 °C, shaking the culture bottles every 30min. After infection, 20 ml of fresh 

medium was added. 

Flasks were incubated at 37 °C, until most of the cells were detached from the bottom of the flasks 

and no more cells were detached during the last day. After this, approximately 10% of the cells 

were left in the flasks. Flasks were washed with PBS and fresh medium was added. Cells were 

subcultured on the new flask in ratio 1:2, when confluent, around 10 days after adding new 

medium. 

For subculturing and inclusion counting, cells were harvested from the flask by 0,25 % (w/v) 

trypsin in 0,53 mM ethylenediaminetetraacetic acid (EDTA)-PBS. For microscopy, cells were 

seeded in density 4x105 cell/ml into 24-well plates with cover glasses. After 24 h incubation cells 

were fixed and stained as previously described. Inclusions were visualized with fluorescence 

microscope InvitrogenTM EVOS® FL Imaging System.  

For qPCR samples, 1 ml of cell suspension was collected during subculturing. DNA was separated 

and purified as described above. Similar samples were collected from non-infected control flasks. 

No new chlamydia was added after the initial inoculum.  

  

4.11 Proteomic analysis 
 

Briefly, THP-1 cells were seeded on 6-well plates, differentiated 72 h with PMA, and infected with 

MOI 3. Samples were collected at 48 h and 72 h post-infection by carefully scraping cells in Trish 

buffer 100 mM, pH 7,2–7,4. The cells were centrifuged at 200 × g for 5 min and the dry pellet was 

stored at –80 °C.  

Pellets were suspended in 0,1 % RapiGest in 100 mM triethylammonium bicarbonate, pH 8,5 

(TEAB) and homogenized by FastPrep-24 (MP Biomedicals). The supernatants with soluble 

proteins were obtained by centrifuging (16 000 × g, 3 min). An additional 100µl of RapiGest were 

added to the supernatants to obtain a more optimal protein concentration for in-solution 
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digestion. After a 45-min incubation on ice, the protein disulfide bonds were reduced with 10 mM 

DL-dithiothreitol and alkylated with 15 mM iodoacetamide. Finally, 20 mM DL-dithiothreitol was 

added to quench the extra iodoacetamide. 

Aliquots of protein were diluted with 100 mM TEAB and sequencing grade modified trypsin was 

added in 1:60 enzyme to protein ratio. Samples were digested at 37 °C for 17 h. After stopping 

digestion, the RapiGest precipitated by adding 0,5 % trifluoroacetic acid. The tryptic peptides 

were collected by centrifugation and peptides concentrated/purified using ZipTIp C18 (Merck 

Millipore). Finally, the samples were evaporated to dryness. 

Label-free quantitative (LFQ) proteome analysis was carried out by a collaborator, Tuula Anneli 

Nyman (Department of Immunology, University of Oslo and Oslo University Hospital, Norway). 

Analysis was made by nanoLC-MS/MS. For protein identification and label-free quantification, 

the data were searched with MaxQuant ver 1.6.1.0 against UniProt human (Sept 2018), CV6 and 

CV14 databases. Sequencing of CV6 isolate was carried out in collaboration with The Institute of 

Biotechnology in University of Helsinki. CV14 database was identified using NCBI BLAST 

(Johnson et al. 2008). CV6 genome has been shown to be closely similar to earlier sequenced and 

openly available cardiovascular C. pneumoniae CV-14 (Shima et al. 2018). Downstream data 

processing and statistical analysis was done using Perseus ver 1.6.7.0. 

  

4.12 Statistical analysis 
 

Statistical analysis and bioinformatics of proteomic analysis were carried out in Perseus software. 

A one-way ANOVA with a false discovery rate (FDR) of 0,10 was carried out in Perseus to identify 

proteins with differential expression between any of the conditions and time points. The non-

infected and infected THP-1 cells at different timepoints were compared by Student’s t-test with 

a permutation-based FDR of 0,05.  

Proteins with statistically significant differences in quantity based on ANOVA were included into 

canonical pathway analysis using the Ingenuity Pathway Analysis software (2000-2019 IPA; 

QIAGEN, Silicon Valley, Redwood, CA, USA) and STRING Functional Enrichment Analysis 

database v. 11 (Szklarczyk et al. 2019). 

Statistical analysis of the rest of the experiments were done by SPSS Statistics 24 software. 

Outliers were determined from data by Grubbs’ test, in significance level 0,05. Differences 

between means were calculated with Student’s t-test with Bonferroni correction. P-values < 0,05 

were considered statistically significant.  
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All experiments were performed with four biological replicates if nothing else were specified. 

Proteomic analyses were carried out by three biological replicates.  
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5 Results 
 

5.1 C. pneumoniae persistent infection cell models  
 

5.1.1 Beta-lactam-triggered persistence (III) 
 

The persistent C. pneumoniae infection model was set up and validated in A549 human lung 

epithelial cell line. Bacterial persistent phenotype was triggered by 10 mg/l concentration of beta-

lactam antibiotic amoxicillin. During amoxicillin exposure, abnormal and small chlamydial 

inclusions were observed (Figure 3B). The number of inclusions also decreased during amoxicillin 

treatment compared to non-treated infection (Figure 3A). When amoxicillin was removed after 

72 h exposure, the infection recovered, and a higher number of big and round-shaped inclusions 

were observed (Figure 3C). 

Infectious progeny production was observed to be significantly reduced at 72 h post-infection 

(49 000 IFU/ml in cell lysates) and even slightly more at 144 h post-infection (38 000 IFU/ml in 

cell lysates) compared to non-treated control (380 000 IFU/ml in cell lysates) (Figure 3D). 

Infectious progeny production was also found to recover when amoxicillin was removed after 72 

h exposure and the cultures were incubated for the following 72 h (130 000 FIU/ml in cell 

lysates). 

Beta-lactam induced persistence was also studied with 100 U/ml and 250 U/ml penicillin G 

concentrations. During penicillin G treatment, the number of infective EBs decreased compared 

to non-treated infection, and small, abnormal inclusions were observed (data not shown). Results 

were similar to amoxicillin treatment and amoxicillin was selected for further studies because of 

its clinical relevance as a first-line pneumonia treatment.  
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Figure 3. Impact of amoxicillin on C. pneumoniae inclusion morphology and infectious progeny 

production. A) Non-treated C. pneumoniae inclusions 144 h post-infection; B) Amoxicillin (10 

mg/l) treated C. pneumoniae infection 144 h post-infection; C) C. pneumoniae infection treated 

with amoxicillin for 72h and incubated for further 72h without amoxicillin; D) Infectious progeny 

production during amoxicillin treatment. Data are presented as IFU/ml values normalized to the 

value of non-treated infection control and presented as mean ± SEM (n = 4). Significance is shown 

as marks of P values compared to non-treated infection, p-values: < 0,01: **; < 0,001: ***; < 

0,0001: ****. Statistical significance was not observed between other groups. AMX= amoxicillin, 

Data included in the manuscript of publication III. 

 

To test the effect of clinically used antichlamydial antibiotics, azithromycin and doxycycline were 

added to culture either at the same time or 72 h later than amoxicillin as modelling treatment of 

preset persistence. Azithromycin and doxycycline were used in concentrations corresponding to 

their typical plasma levels in clinical use (Pascale et al. 1986, Matzneller et al. 2013). Two different 

concentrations were used for azithromycin (300nM and 500 nM) and one for doxycycline (4,5 

µM). The concentrations were remarkably higher than the corresponding MIC-values, 25 nM and 

0,9 µM, respectively (data not shown). When amoxicillin was added at the same time, 

azithromycin and doxycycline treatment were both more effective against C. pneumoniae 
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infection than amoxicillin treatment alone (Figure 4A). In contrast to concomitant 

administration, neither azithromycin nor doxycycline had a significant effect on preset persistent 

infection (Figure 4B).  

Ability of the infection to recover after antibiotic treatment was also tested with concomitant 

treatment. Azithromycin eradicated the culture with amoxicillin in both concentrations, but in 

contrast to azithromycin, with doxycycline new inclusions of C. pneumoniae was observed after 

72 h recovery time (Figure 4C). 

 

 

Figure 4. Infectious progeny production of A) concomitant versus B) delayed administration of 

doxycycline or azithromycin in amoxicillin-induced C. pneumoniae persistence. C) Recovery of 

infection 72 h after antibiotic removal. Data are presented as relative IFU/ml values normalized 

to the value of non-treated infection control and shown as mean ± SEM (n = 4) (infection controls: 

A = 375 000 IFU/ml, B= 390 000 IFU/ml, C = 530 000 IFU/ml). Significance is shown as marks 

of P values compared to amoxicillin treatment, p-value: <0,05: *; < 0,01: **. In figures B and C, 

statistical significance was not noticed. Abbreviations: AMX= amoxicillin, DOX = doxycycline, 

AZM = azithromycin. Data are presented in the manuscript of publication III.      
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5.1.2 Continuous infection model 
 

Possibilities to set up a continuous infection model in a human epithelial cell line were also 

investigated. A continuous infection model of C. pneumoniae has been previously reported in 

Hep-2 cell line (Kutlin et al. 2001). We studied whether A549 or HL respiratory cell line would 

produce a similar persistence model. 

In the first study, A549 cells were infected with MOI 5 and subcultured at 48 h post-infection. 

The cells were then split once or twice in a week when cell culture was confluent. The infection 

was followed by immunostaining microscopy and qPCR. By microscopy, normal inclusions were 

observed in the beginning of the infection, but in lower-than-expected numbers, compared to our 

previous experiments in more permissive cell lines. The number of inclusions decreased during 

the following period and disappeared after 23 days post-infection. High genome counts were 

observed shortly after infection, but they steadily decreased with time to reach the same level as 

non-infected controls by 17 days after infection. 

Based on the hypothesis, in the continuous infection model, bacterial infection inhibits apoptosis 

in host cells which should survive in the culture longer than non-infected cells. In a second study, 

A549 and HL cells were infected with MOI5 and left to incubate until the detachment of the 

epithelial cells slowed down. After a week, some of the cells were still adhered to the cell culture 

flask and the fresh culture medium was replaced. The cells were monitored after changing the 

medium and split to a new flask upon confluency, 10 days post-infection. Mock treated non-

infection control was tended to at the same time. In HL cells, the infected cells looked unhealthy 

and aberrant shaped after regrowth when compared to the non-infected control. A549 

maintained their normal morphology but were more adherent than the control cells. Later, cells 

were split once or twice a week at confluence as necessary. 

In immunofluorescence staining, numerous inclusions were observed 10 days post-infection in 

HL cells. After 17 days, some abnormal inclusions and groups of small inclusions were observed 

inside the host cells. After 21 days, only a few small abnormal inclusions were spotted. At 24 days 

post-infection inclusions were not observed by microscopy and the infected samples did not differ 

in immunostaining compared to control. In A549 cells, many inclusions were visible after 10 days, 

but less than in the HL cells. The inclusions were abnormally shaped and small already 13 days 

post-infection and all inclusions, disappeared 29 days after infection.  

Genome numbers of C. pneumoniae were determined by qPCR from cell cultures. Again, in A549 

genome counts decreased rapidly after infection and ended up at the same level as non-infected 

control after 29 days post-infection. In HL epithelial cells, genome numbers declined until 21 days 

and increased a bit to 24 days post-infection. At this point, the cell culture was frozen, and melted 
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two weeks later. In the reculturing of the cells, genome counts decreased at the same level as the 

non-infected samples. Genome copy numbers of C. pneumoniae detected by qPCR are presented 

in table 2.  

 

Table 2. Genome copy numbers of C. pneumoniae determined by qPCR in continuous infection 

model. Data are presented as genome copy numbers/ml of sample. Unpublished data. 

Time 
(Test 1) 

A549 
(GE/ml) 

Time 
(Test 2) 

A549 
(GE/ml) Time HL (GE/ml) 

2. day 11641 10. day 3073 10. day 39865 

7. day 60105 17. day 128 14. day 6262 

10. day 4365 23. day 51 18. day 211 

14. day 373 29. day 12 21. day 140 

17. day 22 35. day 55 24. day 305 

23. day 15 41. day 7   

28. day 14   After freezing 

    first spilt 233 

    second split 33 

      

non-infected 16 non-infected 17 non-infected 52 

 

 

5.1.3 Macrophage persistence model (I, II) 
 

A C. pneumoniae infection model of spontaneous persistence was set up in THP-1 monocyte 

derived macrophages. Experiments were carried out with MOI 1 and 3  

At MOI 3, the infection was monitored 96 h post-infection by qPCR and at 144 h by infectious 

progeny production. In qPCR analysis, the genome copy numbers were found to decrease in the 

inoculum at 24 h post-infection and increase in later time points (Figure 5A). In addition, 

infectious progeny production was reported at each sampling point, and the number of infective 

EBs increased throughout the observation time. Similar increasing trends of genome copy 

numbers were obtained with MOI 1 as shown as non-treated infection control in Figure 11. 
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Figure 5. C. pneumoniae growth kinetics and progeny production in THP-1 macrophages. A) C. 

pneumoniae growth kinetics. Genome copy numbers were defined by qPCR on ompA gene in 

MOI 3 infection. Data are shown as total genome number per well ± SEM (n = 4). Significance is 

presented as marks of values compared to 2 h genome copy number: <0,05: *; <0,01: **; 

<0,001***. (B) Quantification of infectious C. pneumoniae EBs following an infection of THP-1 

macrophages MOI 3. Data are presented as IFU/ml values normalized to the value 72 h 

postinfection and shown as mean ± SEM. No statistical significance was noticed. Data originally 

presented in publications I and II. 

 

 To study the infection characteristics in THP-1 macrophages, an antibiotic susceptibility test was 

carried out using the golden standard antichlamydial antibiotic, azithromycin. The production of 

C. pneumoniae EBs was determined by immunofluorescence staining as described in the 

infectious progeny assay above. Starting concentration 20nM was selected according to MIC 

determination in A549 cells, which resulted in a MIC of 25 nM. No effect on infection was 

observed at 20 nM azithromycin in THP-1 macrophages and clearance of infection was achieved 

at a concentration 1 µM, exceeding typical clinically used plasma levels (Matzneller et al. 2013). 

The effect of azithromycin was also tested at MOI 1 by qPCR. 20nM azithromycin was ineffective, 

but 100nM concentration reduced genome numbers by 68 % of infection at 72 h post-infection 
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and 93 % at 144 h post-infection compared to non-treated infection (Figure 11). At MOI 3, 100 

nM azithromycin inhibited only 47 % of C. pneumoniae growth, as determined by qPCR at 72 h 

post-infection (Figure 5A).  

 

5.2 Chlamydial host interactions in macrophages (II) 
 

To characterize host cell responses during C. pneumoniae infection, the total proteome of infected 

and non-infected THP-1 macrophage cell lysates were subjected to high-resolution LC-MS/MS 

analysis and label-free quantification. In proteome analysis, we obtained reliable quantification 

data from 2136 proteins, all of them being of macrophage origin. Based on principal component 

analysis and one-way ANOVA (permutation-based FDR 0,10) analysis, comparisons between 

infected and non-infected samples in different time points were selected for future investigations. 

 

5.2.1. Pathway analysis 
 

To identify infection-regulated pathways in the macrophages, pathway analysis was carried out 

by STRING and Ingenuity Pathway Analysis (IPA). According to STRING analysis, most of the 

enriched biological processes were related to host cell response to bacterial infection at 48 h post-

infection as based on Gene Ontology annotations (Figure 6A). In contrast, the top 10 most 

enriched processes at 72 h post-infection were all related to cell cycle and DNA replication, which 

were negatively affected by C. pneumoniae (Figure 6B).  

Similar trends were recognized in the IPA analysis, although the variation between time points 

was not as prominent as in the STRING analysis. Most of the top canonical pathways recognized 

were positively or inconsistently affected by C. pneumoniae infection. For example, 

inflammasome and leukocyte extravasation signaling pathways were positively affected by 

infection. The negatively affected cell cycle control was recognized as one of the most significantly 

enriched pathways in the IPA analyses of both time points.  
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Figure 6. Top 10 canonical pathways showing changes in infected vs non-infected macrophages 

at (a) 48 h and (b) 72 h post-infection. Analyses were carried out using SRING (left) and Ingenuity 

Pathway Analysis (right). Enrichments in STRING analysis are presented as the false discovery 

rate (FDR). Green = positive change induced by the infection; orange = negative change; ↑ = 

positive Z-score; ↓ = negative Z-score; ○ = Z-score 0; ∗= no activity pattern available. Overlap 

indicates the coverage of the total pathway by the discovered proteins. The figure adapted from 

publication II, with permission from Hindawi.  

 

5.2.2 Proteomic alterations in infection 
 

As observed in the pathway analysis, the most prominently upregulated proteins at 48 h and 72 

h post-infection were associated with leucocyte activation and inflammation. The most 
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upregulated proteins S100A8 and S100A9 are suggested to be transcriptional targets of NF-κB 

(Nemeth et al. 2009). The third most upregulated protein in both time points, laccase domain-

containing protein 1 (LACC1), has also been related to NF-κB pathway activation. Additional 

inflammation-related and highly upregulated proteins in the data set were osteopontin (SPP1), 

CD14, and TLR2. The upregulation of S100A9 was also confirmed by RT-PCR and western blot 

analysis (presented in supplementary Figure 2 of publication II).  

The inflammatory responses of host macrophages are expected in the bacterial infection model, 

but interestingly the upregulation of the noncanonical NF-κB2 protein was also observed in the 

infected macrophages. 

In addition to inflammatory responses, proteins related to lipid metabolism were recognized. 

Acyl-CoA dehydrogenase family member 10 (ACAD10) was strongly upregulated at 72 h post-

infection, but no change in regulation was seen at 48 h post-infection. The scavenger receptor 

CD36 was significantly upregulated by infection at 48 h post-infection, but not at 72 h post-

infection. It has a major role in the uptake of oxidized low-density lipoprotein (LDL), and it is 

considered necessary for macrophage foam cell formation (Rahaman et al. 2006).  

The most prominently downregulated protein in both time points was the glutathione hydrolase 

1 proenzyme, gamma-glutamyl transferase (GGT1). GGT1 is a plasma membrane-bound protein 

which participates in glutathione (GSH) metabolism by catabolizing extracellular GSH. The fatty 

acid-binding protein (FABP4) was additionally found to be downregulated in the infected samples 

at both time points. 

In both time points, six out of the 10 most downregulated proteins were related to cell cycle 

control and DNA replication. DNA replication controlling proteins Replication factor A protein 1 

(RPA1), Protein mono-ADP-ribosyltransferase (PARP10), and Minichromosome maintenance 

(MCM) proteins 2-6 were strongly downregulated by C. pneumoniae infection in THP-1 

macrophages. Minichromosome maintenance (MCM) complex proteins 2–7 act as the eukaryotic 

replicate helicase and have a key role in the regulation of DNA replication (Deegan and Diffley 

2016). 

Networks of significantly upregulated and downregulated proteins are presented in Figure 7. 

STRING network yielded similarities with Ingenuity Pathway Analysis, establishing the results of 

pathway analysis. Proteins in the central hubs were related to leukocyte migration involved in 

inflammatory response, positive regulation of NF-κB transcription factor activity, G1/S transition 

of mitotic cell cycle, and DNA replication, as based on Gene Ontology annotations. 

Overall, more proteins were downregulated by the C. pneumoniae infection at the latter 72 h time 

point (18 proteins) than at 48 h (9 proteins) post-infection. The number of upregulated proteins 
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was similar between the two time points, 44 proteins at 48 h and 41 proteins at 72 h. All 

statistically significant proteins are presented in Table 3. 

 

 
 

Figure 7. Proteins A) up- B) downregulated at I) 48 h II) 72 h post-infection with at least 1,5-fold 

change decrease compared to non-infected cells. STRING analysis was carried out with medium 

interaction confidence (0,400). Yellow = leukocyte migration involved in inflammatory response, 

Green = positive regulation of NF-κB transcription factor activity, Blue = connected to G1/S 

transition of mitotic cell cycle, Red = connected to DNA replication, as based on Gene Ontology 

annotations. 
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Table 3. Significantly differentially expressed proteins in C. pneumoniae infected THP-1 

macrophages.  A) Upregulated and B) downregulated proteins (LFQ fold change of ± 1,5 or 

larger). Table adapted from publication II, with permission from Hindawi. 
A) 

Protein Accession no. Fold change  Protein Accession no. Fold change 
48 h    72h   

S100A9 P06702 10,27  S100A9 P06702 17,05 
AMPD3 Q01432 5,95  S100A8 P05109 8,28 
LACC1 Q8IV20 5,34  LACC1 Q8IV20 6,90 
NFKB2 Q00653 4,79  AMPD3 Q01432 6,56 
S100A8 P05109 4,66  ACAD10 O14672 6,38 
SPP1 P10451 4,49  IDI1 Q13907 5,54 
CD14 P08571 4,46  CD14 P08571 4,29 

PTPN1 P18031 4,20  ICAM1 P05362 3,59 
ICAM1 P05362 4,07  RTN1 Q16799 3,45 
RTN1 Q16799 4,06  TDO2 P48775 3,39 

DDX24 Q9GZR7 3,41  ALOX5AP P20292 3,38 
CTNND1 O60716 3,21  EXOSC5 Q9NQT4 2,99 

MARCKSL1 P49006 3,13  CHCHD2 Q9Y6H1 2,91 
TMPPE Q6ZT21 2,99  CUX1 P39880 2,90 

SH3PXD2B A1X283 2,66  SELO P77649 2,79 
IL4I1 Q96RQ9 2,44  SH3PXD2B A1X283 2,76 
HK2 P52789 2,34  MARCKSL1 P49006 2,76 

NCF1 P14598 2,33  HK2 P52789 2,74 
NAMPT P43490 2,27  NCF1 P14598 2,70 
TLR2 O60603 2,23  TYMP P19971 2,66 
TDO2 P48775 2,21  NFKB2 Q00653 2,61 
TGFBI Q15582 2,18  KYNU Q16719 2,45 
HMOX1 P09601 2,14  SPP1 P10451 2,26 
MRPS17 Q9Y2R5 2,04  MX1 P20591 2,13 

MX1 P20591 2,02  NRP1 O14786 2,13 
CD44 P16070 2,01  EHD1 Q9H4M9 1,99 

ALOX5AP P20292 2,00  ZFR Q96KR1 1,93 
CD36 P16671 1,99  COL6A1 P12109 1,91 
KYNU Q16719 1,96  NAMPT P43490 1,91 
EHD1 Q9H4M9 1,87  DENND3 A2RUS2 1,90 
NRP1 O14786 1,85  HMOX1 P09601 1,86 
TYMP P19971 1,82  IL4I1 Q96RQ9 1,80 

COL6A1 P12109 1,79  OAT P04181 1,78 
PPIF P30405 1,75  PTPN1 P18031 1,75 

NQO1 P15559 1,72  TGFBI Q15582 1,64 
ERGIC1 Q969X5 1,70  OAS3 Q9Y6K5 1,62 
ACSL4 O60488 1,61  ATG7 O95352 1,56 
SELO P77649 1,59  NQO1 P15559 1,55 

SLC3A2 P08195 1,54  FAM129B Q96TA1 1,52 
CTSD P07339 1,53  PLEKHO2 Q8TD55 1,51 

PLEKHO2 Q8TD55 1,52  CD44 P16070 1,51 
DENND3 A2RUS2 1,51  HMGB3 O15347 1,50 
CSF1R P07333 1,50     
PTPRJ Q12913 1,50     
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B) 

Protein Accession no. Fold change  Protein Accession no. Fold change 
48 h    72 h   

GGT1 P19440 0,10  GGT1 P19440 0,34 
SSBP1 Q04837 0,29  PARP10 Q53GL7 0,37 
DCAF8 Q5TAQ9 0,32  MCM5 P33992 0,43 
MCM6 Q14566 0,49  MRPS17 Q9Y2R5 0,45 
FABP4 P15090 0,51  MCM4 P33991 0,47 
MCM3 P25205 0,55  MRPL16 Q9NX20 0,50 
MCM4 P33991 0,63  MCM6 Q14566 0,53 
MCM5 P33992 0,63  VAMP8 Q9BV40 0,57 
MCM2 P49736 0,66  MCM3 P25205 0,58 

    MCM2 P49736 0,59 
    SUN2 Q9UH99 0,59 
    DNASE2 O00115 0,59 
    FABP4 P15090 0,60 
    APMAP Q9HDC9 0,60 
    CA2 P00918 0,62 
    SRP9 P49458 0,62 
    STMN1 P16949 0,64 
    RPA1 P27694 0,66 

 

 

5.2.3 Impact of C. pneumoniae infection on mRNA levels in THP-1 macrophages 
 

Since proteomic changes can occur at the transcriptional level or later via various downstream 

mechanisms, the origin of the infection-induced changes in selected proteins of interest were 

studied by determining the mRNA levels of the corresponding genes by RT-PCR (Figure 8). The 

transcription of MCM4 and vimentin was shown to be downregulated and upregulated, 

respectively, at a statistically significant levels. Other MCM genes demonstrated a similar 

downregulated trend, but not at a significant level. 

Vimentin was chosen for the transcriptional analysis because the chlamydial protease-like activity 

factor (CPAF) of C. pneumoniae has been reported to catalyze the degradation of vimentin in host 

cell (Christian et al. 2011). In our proteomic results, vimentin was slightly upregulated at 48 h 

post-infection (fold change 1,4) and related to HOTAIR regulation in pathway analysis.  

Based on the literature and earlier findings of our group, the interesting proteins FABP4 and 

GGT-1 were also studied by RT-PCR. Both were downregulated in the proteome but did not show 

changes on the transcriptomic level.  

The cyclin-dependent kinase 6 (CDK6) was selected for RT-PCR analysis, since it acts upstream 

from the consistently downregulated MCM proteins, and itself showed a protein level 
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downregulation despite not reaching statistical significance. In RT-PCR analysis, the CDK6 gene 

was noticed to be downregulated by infection.  

Figure 8. C. pneumoniae infection-induced changes in the expression of genes. The expression of 

each gene was determined by the 2-ΔΔCt method using GAPDH as an internal reference gene. Data 

are presented as box blots of the relative quantification of genes (n = 6). Differences between 

means were determined with Student’s t-test with Bonferroni correction. Statistical significance 

is presented as marks of p-value: <0,05: *; <0,01: **. Abbreviations: Rq = relative quantification. 

Data of MCM and CDK6 genes are presented earlier in publication II. 

 

5.2.4 Impact of C. pneumoniae infection on retinoblastoma gene and protein in 
THP-1 macrophages 
 

Since the transcriptomic and proteomic levels of MCM and CDK6 were downregulated by 

infection, the upstream process of MCM proteins expression was studied by western blot and RT-

PCR. In normal cell proliferation, active CDK4/6 deactivates the retinoblastoma (Rb) protein by 

phosphorylation, prompting the release of E2F transcription factors and resulting in the 

transcription of MCM proteins and other components of the DNA replication machinery (Choi 

and Anders 2014).  

We studied the expression of total and phosphorylated retinoblastoma proteins in THP-1 host 

macrophages in infected and non-infected cells. Antibodies for Phospho-Rb Ser608 and Ser780 

were used, but either or very faint non-detectable signals were observed, respectively (data not 

shown). Instead, the total Rb protein level was decreased in host macrophages as a response to 
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the infection (Figure 9A). The infection-induced downregulation was also confirmed on mRNA 

level by RT-PCR (relative quantification (RQ) value 0,43, SEM= 0,011, p-value 0,054).  

The regulation of Rb protein has been previously connected to the diverted maturation of 

monocytes into polymorphonuclear myeloid-derived suppressor cells (PM-MDSC) instead of 

macrophages or dendritic cells (Youn et al. 2013). According to an earlier study, Rb protein 

regulation was related to epigenetic regulation and was reversible by histone deacetylase 

inhibition. To evaluate the mechanism of Rb downregulation in THP-1 cells, the impact of the 

histone deacetylase inhibitor, valproic acid, on Rb1 mRNA expression was studied. Treatment of 

infected macrophages with 1 mM valproic acid reversed the Rb expression closer to the levels 

observed in noninfected control cells, while non-treated infection consistently downregulated the 

transcription (Figure 9C).  

 

 

 
 

Figure 9. (A) Impact of C. pneumoniae infection on total retinoblastoma protein levels in THP-1 

macrophages. GAPDH was used as a loading control. (B) Quantification of the Rb protein band 

intensities in western blot analysis. The band intensities were normalized to the total protein 

content of the corresponding lane. Data are shown as total intensity of the band ± SEM (n = 4) in 

arbitrary units. (C) Changes in the expression of retinoblastoma gene mRNA levels induced by 

infection or valproic acid. The expression of each gene was determined by 2-ΔΔCt method using 

GAPDH as a reference gene (n = 4). Between VA-treated and non-treated infection RQ value was 

1,86, SEM 0,19. Statistical significance is presented as marks of p values: < 0,05: *; <0,01: ∗∗; 

<0,001: ∗∗∗. Abbreviations: VA = valproic acid; RQ = relative quantification. Figure adapted from 

publication II, with permission from Hindawi. 
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5.2.5 Role of host cell cycle regulation in replication of C. pneumoniae 
 

 The role of host cell cycle regulation by C. pneumoniae in chlamydial survival and replication 

was also investigated. The significance of G1/S cell cycle arrest signals was studied by treating 

infected macrophages with palbociclib, a clinically approved CDK4/6 inhibitor. Palbociclib 

treatment increased C. pneumoniae genome copy number 1,66-fold compared to non-treated 

infection at 48 h post-infection (not statistically significant, p-value 0,053) (Figure 10A). Similar 

effect was no longer noticed at 72 h post-infection. Palbociclib also induced infectious EBs 

production significantly at 1,32-fold (Figure 10B). 

 

 

 

 

Figure 10. Impact of palbociclib induced CDK4/6 inhibition on C. pneumoniae growth. (A) C. 

pneumoniae growth kinetics in THP-1 macrophages treated with 100 nM palbociclib. Data are 

shown as mean of total genome numbers of C. pneumoniae per well normalized to non-treated 

infection control ± SEM (n = 4). Statistical significance was not noticed (B) Impact of palbociclib 

treatment on infectious C. pneumoniae EB production in THP1 macrophages. Data are presented 

as IFU/ml values normalized to the value 72 h non-treated infection and shown as mean ± SEM 

(n = 4). Statistical significance is shown as marks of p-value: <0,05: *. Figure adapted from 

publication II, with permission from Hindawi. 
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5.3 Impact of schisandra lignans on persistent C. 
pneumoniae infection and antibiotic efficacy (I and III) 
 
Dibenzocyclooctadien lignans from Schisandra chinensis (schisandra lignans) have been 

reported to inhibit the growth of C. pneumoniae in permissive cell culture (Hakala et al. 2015a, 

Hakala et al. 2015b). We studied whether these lignans have an effect on persistent C. 

pneumoniae infection.  

 

5.3.1 The impact of schisandra lignans on host cell viability 
 

Possible antipersistent effects of the lignans were studied in THP-1 macrophages and A549 beta-

lactam model. Schisandra lignans have been considered as low toxic compounds in earlier studies 

(Hakala et al 2015, Kortesoja et al. 2021). In A549 epithelial cells, no cytotoxicity of schisandrin 

or schisandrin C was detected in our results (106 % and 105 % viability at 25 µM and 97 % and 81 

% viability at 50 µM, respectively). In THP-1 macrophages, schisandrin B was observed to be 

cytotoxic (Table 4). A lower and tolerated concentration of schisandrin B was thus used in THP-

1 macrophage model. 

 

 

Table 4. The impact of schisandra lignans on host cell viability in THP-1 macrophages 

 THP-1 macrophages 
(% ± SEM) 

Schisandrin 25 µM 127 ± 18 

Schisandrin 50 µM 120 ± 18 

Schisandrin B 10 µM 130 ± 17 

Schisandrin B 25 µM 52 ± 5 

Schisandrin B 50 µM  1 ± 0,3 

Schisandrin C 25 µM 122 ± 7 

Schisandrin C 50 µM 81 ± 12 

Viability determinations were carried out by resazurin assay, and less than 70 % viability was interpreted as 

significant cytotoxicity. Cells were exposure to lignans during 144 h. Viability percentages are presented as 

mean ± SEM (n= 4). Data of THP-1 macrophages are originally presented in publication I. 
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5.3.2 Schisandra lignans in THP-1 macrophages model 
 

In THP-1 macrophages, the effect of schisandrin and schisandrin C was studied by qPCR and 

infectious progeny production assay in 25 µM and 50 µM concentrations. In qPCR, schisandrin C 

had a significant effect against C. pneumoniae infection after 72 h and 144 h post-infection 

(Figure 11). 25 µM concentration was as effective than 100nM azithromycin to decrease the 

genome copy numbers of bacteria. 50 µM concentration was statistically more effective than 

azithromycin, causing a 99 % reduction of genome copy numbers.  

No effect was observed with schisandrin when compared to non-treated infection control. 

Schisandrin B was tested only in 10µM concentration due to its THP-1 cytotoxicity at higher 

concentrations. This lower concentration was found to have a significant effect when compared 

to the non-treated infection control, but not more effective than azithromycin (Figure 11). 

 

 

Figure 11. Impact of schisandra lignans on C. pneumoniae growth kinetics in THP-1 macrophages. 

C. pneumoniae genome copy numbers were determined by qPCR on ompA gene. Data are shown 

as total genome number of C. pneumoniae per well ± SEM (n = 4). Statistical significance is 

presented as marks of p-value:<0,05: *; <0,01 **. Figure adapted from publication I, with 

permission from MDPI. 
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The effect of schisandra lignans on C. pneumoniae infectious progeny production in THP-1 

macrophages was also investigated. Schisandrin C and Schisandrin B decreased progeny 

production at a statistically significant level (Table 5). Schisandrin C nearly cleared out the 

infection and no characteristic inclusions were detected. Some small irregular inclusion-like 

structures were observed in HL monolayers inoculated with cell lysates. Furthermore, 

azithromycin was not able to clear the infection at 100 nM and infectious progeny production was 

observed even after 144 h treatment time. The impact of schisandrin B was at the same level as 

azithromycin when compared to the non-treated infection. In contrast to other lignans, 

schisandrin increased the infectious progeny production of C. pneumoniae. Results are presented 

in Table 5.  

 

Table 5. The Impact of schisandra lignans on C. pneumoniae infectious progeny production in 

THP-1 macrophages. 

 

Cell lysate (IFU/ml index) Supernatant (IFU/ml index) 
  

72h 144h 72h 144h 

schisandrin 25µM 1,53 ± 0,06* 3,11 ± 0,62 1,52 ± 0,33 2,82 ± 0,27 

schisandrin 50µM 2,28 ± 0,38 1,03 ± 0,34 2,56 ± 0,64 0,93 ± 0,18 

schisandrin B 10µM 0,10 ± 0,03** 0,01 ± 0,00*** 0,28 ± 0,18 0,04 ± 0,01*** 

schisandrin C 25µM 0,00 ± 0,00** 0,00 ± 0,00*** 0,00 ± 0,00** 0,00 ± 0,00*** 

schisandrin C 50µM 0,00 ± 0,00** 0,00 ± 0,00*** 0,00 ± 0,00** 0,00 ± 0,00*** 

azithromycin 100nM 0,18 ± 0,20** 0,05 ± 0,03*** 0,30 ± 0,21 0,00 ± 0,00*** 

infection (IFU/ml)  49 700 ± 16 
000 

140 200 ± 22 
800 5 400 ± 2 100 12 300 ± 700 

Results are normalized to the non-treated infection control and shown as infectious forming units per ml 

(IFU/ml) ratios, showing as mean ± SEM. Data of non-treated samples are shown as IFU/ml ± SEM. 

Significance is presented as marks of p-values compared to non-treated infection control: < 0,05: *; < 0,01: 

**; < 0,001: ***, (n = 4). MOI 1 infection was used in experiments. Results are originally presented in paper 

I. 
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Because schisandrin 25µM concentration elevated the quantity of infectious progeny of C. 

pneumoniae in THP-1 macrophages, it was hypothesized to promote productive infection and to 

shift the balance of bacterial populations to favor the replicative state. Since azithromycin targets 

replicative bacteria, we wanted to determine whether C. pneumoniae eradication in macrophages 

could be improved by the concomitant administration of azithromycin and schisandrin. 

Treating the infection simultaneously with the two compounds resulted in approximately 91 % 

reduction of C. pneumoniae genome copy numbers (Figure 12). In the infectious progeny 

production assay the concomitant administration significantly increased the eradication of EB 

production.  

 

 

Figure 12. Impact of the concomitant administration of schisandrin (25 µM) and azithromycin 

(100 nM) on A) C. pneumoniae genome number and B) infectious progeny production. Results 

were normalized to the non-treated infection control and shown as a mean ± SEM (n ≥ 4) 

Statistical significances are presented as marks of p-values: <0,01: **; <0,001: ***. Figure 

adapted from publication I, with permission from MDPI. 

 

Schisandra lignans have been reported to affect the intracellular GSH level of the host cell in 

different cell lines. We found that schisandrin and schisandrin C lowered the total GSH pools of 

infected THP-1 macrophages (Publication I of this thesis, experiments performed by Kortesoja). 

Because of these results, we further investigated the relevance of GSH depletion in lignans’ 

activity against C. pneumoniae phenotype by supplementing it in the form of GSH ethyl ester. 

The GSH derivative alone increased EB production by around 65 % (Figure 13). Additionally, GSH 

supplementation of schisandrin-treated infection weakened the infectious progeny levels to 

similar or lower than in the non-treated control. The GSH supplementation was also found to 

eliminate the elevating effect of the 25 µM schisandrin treatment.  
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Figure 13. The impact of GSH ethyl ester on C. pneumoniae EBs production with schisandrin. No 

statistical significancy was noticed. Abbreviations: Sch= schisandrin, GSH= glutathione ethyl 

ester. Figure adapted from publication I, with permission from MDPI. 

 

5.3.3 Schisandra lignans in amoxicillin-induced persistence model 
 

The impact of schisandra lignans was also investigated in an amoxicillin triggered persistent 

infection model in A549 epithelial cells.  

In the first experimental setup, amoxicillin and schisandra lignans were administered to infection 

at the same time to study the impact of lignans on C. pneumoniae response to amoxicillin (Figure 

14A), or 72 h after amoxicillin to investigate the reversal effect of lignans (Figure 14B). In both 

experimental arrangements, bacterial progeny production of C. pneumoniae was increased 

compared to amoxicillin treatment alone in a statistically significant manner in all three lignans. 

Prevention of persistence forming was most effective with 25 µM schisandrin C, but also the two 

other lignans were effective at concentrations of 25 µM and 50 µM (Figure 14A). In the reversal 

test, lignans increased infectious progeny production, and although the effect was not as 

pronounced as that of schisandrin C in the prevention test, the effects of all three lignans were 

statistically significant (Figure 14B). It is also noticeable that 20nM azithromycin was not able to 

eradicate the infection in the presence of amoxicillin in either assay. The effect was similar than 

with azithromycin in THP-1 macrophages above  

As described above, azithromycin and doxycycline showed decreased efficacy against amoxicillin 

treated C. pneumoniae infection when added later than amoxicillin. Because schisandra lignans 

diminished the effect of amoxicillin, hence schisandra lignans were investigated with 
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azithromycin and doxycycline in concomitant administration.   The antibiotics and lignans were 

added to the cell culture at the same time, 72 h after amoxicillin. In line with the results presented 

above, azithromycin with amoxicillin was more effective than amoxicillin alone, and both 

azithromycin and doxycycline were significantly effective alone (Figure 14 C, D).  

In contrast to the results in THP-1 macrophages, the concomitant administration of schisandrin 

and azithromycin did not have an inhibitory effect on preset persistent infection in A549 cells 

(Figure 14C). Moreover, concomitant administration increased infectious progeny production to 

the same level as amoxicillin alone. The repeal of the bactericidal effect of azithromycin by 

schisandrin was statistically significant when compared to the samples treated with amoxicillin 

and azithromycin. With other schisandra lignans, similar effects were observed, but to a lower 

extent.  

With doxycycline, a similar effect to lignans was observed (Figure 14D). The lignans increased the 

infectious progeny production even higher than in the amoxicillin treated control but only the 

effect of 25 µM schisandrin was statistically significant when compared to the control treated with 

amoxicillin and doxycycline.  
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Figure 14. Impact of schisandra lignans on amoxicillin-induced C. pneumoniae persistence. A) 

Prevention of persistence production; lignans are administered simultaneously with amoxicillin 

B) Reversal of amoxicillin-induced persistence; lignans are administered 72 h after amoxicillin 

addition C) Azithromycin D) Doxycycline and lignans are administrated 72 h after amoxicillin. 

Data are presented as IFU/ml values of infectious progeny production, normalized to the value of 

amoxicillin treated infection and shown as mean ± SEM (n = 4). p-values: <0,05: *; <0,01: **; 

<0,001: ***. Abbreviations: sch = schisandrin, AMX = amoxicillin, AZM = azithromycin, DOX = 

doxycycline. Results are presented in the manuscript of publication III. 
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6 Discussion 
 

C. pneumoniae is an important human airway pathogen that in addition to acute infection, may 

exist in a persistent phenotype (Panzetta et al. 2018). This thesis focused on cell models of 

persistent C. pneumoniae infection. Persistent C. pneumoniae infection is associated with many 

chronic diseases (Shor e al. 1992, Webley et al. 2005, Grayston et al. 2015, Balin et al 2017), but 

diagnostic tools lack validation and sufficient specificity, and drugs against persistent infection 

are not in clinical use.  

In order to investigate C. pneumoniae infection in vitro, host cells are required. In many cell 

models of C. pneumoniae, epithelial cell lines such as Hep2, Hela, and HL have been used as the 

host, reflecting an actively replicating phenotype of infection. In persistent models, the phenotype 

has been triggered by an external stimulus, such as IFN-γ or iron depletion (Pantoja et al. 2001, 

Al-Younes et al. 2001). The C. pneumoniae persistence models presented in this study, the THP-

1 macrophages and the amoxicillin induced model in respiratory epithelial cells, which can be 

thought to be closer to the in vivo situation than most C. pneumoniae persistence models, due to 

the spontaneous persister formation and stimulation by clinically used antibiotic. The 

macrophage model reflects non- or low-symptomatic C. pneumoniae infection which occurs 

without antibiotic induction. The amoxicillin model could mimic clinically important scenarios 

that occur when patients with multibacterial pneumonia or those asymptomatically infected with 

C. pneumoniae are prescribed with beta-lactams. 

Amoxicillin is well established as the first-line antibiotic in pneumoniae treatment. Even though 

beta-lactam induced chlamydial persistence has been well-known for decades, there are very few 

publications on amoxicillin and C. pneumoniae in this context.  

Another advantage of the beta-lactam model is the possibility to compare productive and 

persistent infections in the same experiment, if only a part of the samples are treated by 

amoxicillin. In contrast to the macrophage model, the recovery of persistence may be studied in 

the same cell line, because the stimulating factor can be removed from the cell culture.   

A continuous infection model has been suggested to mimic the natural course of infection in 

respiratory tract cell lines and the induction of spontaneous C. pneumoniae persistence (Kutlin 

et al. 2001). The model has been described earlier in one epithelial cell line by one research group 

(Kutlin et al. 1999, Kutlin et al. 2001). The infection was reported to survive inside the host cell 

for over two years. In our results, C. pneumoniae was detected for one month in respiratory track 

host cells. The C. pneumoniae strain and the host cell line were different than those described 

previously by Kutlin et al. (1999). The different characteristics of C. pneumoniae strains and host 
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cells can affect the permissiveness of the cells to a long-lasting infection. Kutlin et al. reported 

different levels of infectious progeny production between two studied bacteria strains, indicating 

variation in host cell permissiveness between bacterial strains. 

Kutlin et al. used Hep2 epithelial cells as a host cell line for continuous infection of C. pneumoniae 

(Kutlin et al. 1999). Because of the known HeLa contamination of Hep2 cells (Gartler 1968), we 

did not consider this cell line as a representative host cell line for airway infection model, and the 

airway tract epithelial cell line A549 was used instead. We also attempted to use HL epithelial cell 

line without succeeding to reproduce the model presented earlier in the literature, despite the 

persistence tendency of the CV-6 clinical isolate. In the future, it could be studied if alternative C. 

pneumoniae strains would produce long-lasting continuous infection in HL or A549 epithelial 

cell lines. 

Because C. pneumoniae is an obligate intracellular bacterium, it sets limitations on the detection 

methods to be used in laboratory studies. The traditionally used agar and in-solution culturing or 

colony counting methods are not viable with C. pneumoniae. Therefore, qPCR and 

immunofluorescence staining of inclusions were used as detection methods for the infection in 

this study. In persistent infection, the non-replicative form of bacteria sets a challenge for 

microscopy. The traditionally used infectious progeny production assay does not determine non-

infective persister bacteria and is valid only for the detection of a productive phenotype of 

infection. qPCR overcomes these limitations, but false positive results are possible. We also 

noticed that the difference of background fluorescence between cell lines limited reliable 

quantitation by qPCR. 

Most often, the persistence triggering factors lead to a mixed infection with persistent and 

productive phenotype bacteria within the same population. In principle, the productive infective 

population of persistent infection is described to be similar as in a productive infection. In both 

cell models used, the infective bacterial population of the persistent infection was not as infectious 

as EBs directly inoculated from the purified chlamydial stock. The size and shape of the inclusions 

in persistent models were different in infectious progeny tests than in normal productive infection 

in epithelial cells detected by fluorescence microscopy. Normally, in productive infection in 

epithelial cells, C. pneumoniae CV-6 strain produces big, round-shaped inclusions, but infectious 

progenies from persistent infection produced small and abnormally shaped inclusions in this 

study, expressing persistence also in the functional abnormality of mature EBs. 

According to WHO, we are approaching the “post-antibiotic area”, where common bacterial 

infections can kill people, because of the lack of effective antibiotics (WHO 2014). Persistent 

infections prolong antibiotic treatments, thus increasing the possibility of antibiotic resistance 

development. One aim of this study was to study the efficacy of antibiotics used against 
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pneumonia in clinical concentrations. In clinical use, azithromycin and doxycycline are 

recommended against pneumonia caused by C. pneumoniae (Vilhonen 2020, CDC). In reality, 

pneumonia is most often caused by mixed infection of bacteria, therefore, antibiotic treatment is 

recommended to be started with amoxicillin, despite the fact that C. pneumoniae could be also 

involved in the infection (Woodhead et al 2011, Acute lower respiratory tract infection in adults, 

Duodecim Current Care Guidelines, 2015, Metlay et al. 2019, Vilhonen 2020). As presented in 

this study in vitro, this amoxicillin treatment may lead to persistence formation in co-occurring 

C. pneumoniae. From a clinical point of view, the risk of prolonged infection and improper 

antibiotic treatment may also increase the risk of recurrent infections.  

In this study, azithromycin and doxycycline did not have significant effect against preset 

amoxicillin-induced persistent C. pneumoniae infection, but the antichlamydial effects of the 

studied antibiotics were better in concomitant treatment with amoxicillin. Nevertheless, progeny 

production of bacteria recovered fast after doxycycline treatment even if the persistence-inducing 

amoxicillin was not used. Moreover, in qPCR tests, C. pneumoniae genomes were observed to be 

higher in 144 h post-infection with doxycycline than in inoculum. Even though the MIC test of 

doxycycline showed clearance of infectious progeny, the recovery of infection indicates weaker 

efficacy than expected based on MIC. It has been proposed that in continuous infection 10 % of 

C. pneumoniae bacterial cells would exist in the aberrant phenotype (Kutlin et al. 2001). In 

general, the bacterial persistence in the population has been estimated to vary from 0,0001 % to 

approximately 80 %, and depends on the bacterial species, external stressors as well as 

persistence triggering signals (Kwan et al. 2013, Kim & Wood 2016). From this point of view, the 

existence of a persistent bacterial subpopulation in host cells cannot be ruled out in A549 cells 

even without amoxicillin, and it might be the reason for the observed reversion of C. pneumoniae 

infectivity after doxycycline treatment. The effectiveness of doxycycline against C. pneumoniae 

needs future investigation. 

Antichlamydial efficacy of azithromycin treatment was also different between persistent models. 

As described above, the effect of azithromycin was more potential in concomitant administration 

with amoxicillin than in preset persistence. It also had no clearing effect in the THP-1 macrophage 

model. The increased tolerance to the antichlamydial antibiotics azithromycin and doxycycline 

indicates that C. pneumoniae survival is significantly improved under antibiotic pressure in 

macrophages and amoxicillin treated epithelial cells, compared to permissive epithelial cells. 

Prolonged antibiotic tolerance is also a typical hallmark for the presence of persistent 

subpopulations (Balaban et al. 2019).  

Bacterial persistence of C. pneumoniae has been studied for some decades, but connections with 

typical bacterial persistence systems are poorly described. One of the most well-known bacterial 

persistence-related inducer is the nucleotide derivative ppGpp. During amino acid starvation, as 
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for example during IFN-γ exposure, the increase of uncharged tRNA leads to the activation of 

RelA to produce ppGpp, which acts as a regulator by binding RNA polymerase (Lemke et al 2011, 

Pacios et al. 2020). C. pneumoniae lacks genes encoding (p)ppGpp hydrolases RelA and SpoT 

(Mittenhuber 2001, Sigalova et al. 2019). It also lacks the omega subunit of RNA polymerase, 

which participates in (p)ppGpp binding. During IFN-γ exposure triggered persistence, as an 

analogy with other bacteria, the transcription of C. pneumoniae increases but translation 

decreases via ribosome stalling on transcripts (Ouellette et al 2006, Ouellette et al 2016). IFN-γ 

exposure has been reported to lead to C. pneumoniae persistence, but changes at a later 

proteomic regulatory level are not known.  

Toxin-antitoxin (TA) system is also a widely found machinery in bacteria and archaea. Despite 

this, some intracellular bacteria, including C. pneumoniae, do not contain TA systems (Pandey 

and Gerdes 2005). The LexA, a repressor of SOS system does not exist in the genome of C. 

pneumoniae either (Rocha et al. 2008, BLAST), but RecA can be found based on homology with 

C. trachomatis genome by nucleotide and protein BLAST (Gish and States 1993). RecA has been 

heterologously expressed and characterized in C. trachomatis in 1995 (Hintz et al. 1995), but 

experimental isolation and validation are missing in C. pneumoniae. In any case, the persistence 

mechanisms typical to most other bacterial species do not appear to be in a main role in C. 

pneumoniae persistence, or the link has not been reported yet. From this point of view, known 

persistent mechanisms of extracellular bacteria may not advance the research of   C. pneumoniae 

persistence.  

Even though Chlamydia does not carry many typical bacterial persistence factors, it has 

something similar to stress resistance factors of intracellular bacteria. HtrA (High temperature 

requirement A protease) is a conserved serine protease and chaperone found in both eukaryote 

and prokaryote organisms, and it has important functions for virulence and stress resistance in 

many bacteria (Clausen et al. 2002, Rowley et al. 2006). Helicobacter pylori deprived of HtrA 

showed increased sensitivity to certain types of stress, including high temperature, pH, and 

osmotic shock, as well as treatment with puromycin (Zarzecka et al. 2019). HtrA has also been 

identified in C. trachomatis, and a homologous gene exists in the genome of C. pneumoniae 

(Huston et al. 2008, Lawrence et al. 2016). HtrA levels are increased in the latter step of the 

developmental cycle when C. trachomatis was cultured in the presence of penicillin, in beta-

lactam induced persistence in vitro, but not in IFN-γ induced persistence (Huston et al. 2008). 

Later, the same group showed HtrA to be essential for middle-cycle replication of C. trachomatis 

(Patel et al. 2014) and a similar loss of infectious progeny production was reported in C. 

pneumoniae via HtrA inhibition a bit later (Lawrence et al. 2016). Persistence mechanisms and 

potential biomarkers require more future research.  
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C. pneumoniae has been reported to affect host monocytes and macrophages in many ways (Virok 

et al. 2003, Azenabor et al. 2005). Changes in the transcriptomic profile of U937 monocyte host 

cells have been described earlier (Virok et al. 2003), but to the best of our knowledge, proteomic 

data of host macrophages has not been published before. In this study, pathogen-induced changes 

in the host cells were investigated by high-resolution LC-MS/MS analysis and label-free protein 

quantification in whole cell samples. As a limitation of the method, only host cell proteins were 

recovered. Two possible C. pneumoniae proteins were recognized, but these were not statistically 

confirmed as reliable identifications. The bacterial proteome is relatively smaller than the one in 

the host cell and disappears under the host cell proteins in the whole cell sample. Even bacterial 

persistence is widely described as a dormant phenotype of bacteria, it is evident that some 

metabolism and transcriptomic action is presented in the persistent phenotype of C. pneumoniae 

based on the literature (Oullette et al. 2006, Mäurer et al. 2007, Klos et al. 2009). More 

optimization of research methods is needed to investigate proteomic changes in persistent C. 

pneumoniae bacteria.   

The inflammatory response of macrophages against bacteria, including the activation of TLR2 

and NF-kB systems, can be considered an obvious finding, but some of the inflammatory proteins 

recognized in this study have not been earlier reported in C. pneumoniae infection. For example, 

the third most upregulated protein, LACC1, has been shown to increase upon PMA differentiation 

of THP-1 and LPS stimuli, but has not been reported previously with C. pneumoniae infection to 

the best of our knowledge. Inflammatory proteins CD14 and TLR2 have been shown to be 

downregulated in PMA-treated THP-1 monocytes during monocyte-macrophage differentiation 

(Daigneault et al. 2010), but they were instead shown to be stimulated in our results. In addition 

to inflammatory reactions, the upregulation of these proteins may indicate the interference of 

normal macrophage maturation and contribute to chlamydial survival in THP-1 cells. 

In addition to NF-kB activation, the noncanonical NF-kB2 pathway was upregulated in infected 

macrophages. NF- kB2 is a member of NF- kB transcription factors that are expressed in many 

different cell types and as an immune function modulator (Sun 2011, Manches et al. 2012). NF-

kB family has also a recognized role in cell growth and apoptosis, but the role of NF-kB2 needs 

more investigation (Chen et al. 2001). NF- kB2 has been earlier reported to be upregulated in 

THP-1 monocyte derived macrophages by cytomegalovirus protein US31 (Guo et al. 2018). To the 

best of our knowledge, chlamydial interactions with noncanonical NF-κB2 signaling have not 

been described earlier.  

FABP4 and GGT-1 were downregulated both at 48 h and 72 h post-infection. GGT-1 was the most 

downregulated protein in both time points. It is a plasma membrane-bound protein which 

catabolizes extracellular glutathione (GSH), thus raising intracellular GSH pools by providing 

material for de novo GSH biosynthesis (Bachhawat and Yadav 2018). GSH is an important 
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antioxidant protecting cells against exogenous and endogenous toxins, including ROS and RNS 

species (Aquilano 2014). Intracellular redox milieu is also suggested to play a role in determining 

C. pneumoniae infection phenotype (Azenabor et al. 2003, Azenabor et al. 2006). The role of 

GGT-1 in host cell redox balance and infection phenotype thus warrants further investigation. 

FABP4 is expressed in adipocytes and macrophages, and it binds to long fatty acids affecting the 

lipid metabolism of the cell (Lorey et al. 2017).  In macrophages, it has been reported to affect 

fatty acid metabolism and to be secreted upon intracellular LPS-induced noncanonical 

inflammasome activation (Makowski et al. 2005, Loray et al. 2017). C. pneumoniae has been 

recently shown to induce the secretion of FABP4 in adipocytes (Walenna et al. 2020). The same 

group also presented that the chemical inhibition of FABP4 decreased the replication of C. 

pneumoniae in adipocytes (Walenne et al. 2018). From this point of view, it would be interesting 

to study if the decrease of intracellular FABP4 protein in human macrophages upon C. 

pneumoniae infection is related to low replication and infective progeny production of bacteria 

in these cells.  

Interestingly, the changes in GGT-1 and FABP4 were not reflected in the transcriptional level. It 

is tempting to speculate whether the decrease of these proteins is related to regulation of 

downstream systems or proteolysis of these proteins caused by C. pneumoniae infection. 

In this study, THP-1 cells were induced to G1/S arrest in the cell cycle by PMA supplementation 

before infection. Macrophages do not replicate, but unexpectedly C. pneumoniae infection was 

found to suppress host cell proteins related to cell cycle signaling and DNA replication, such as 

MCM and CDK6 proteins. The PMA-induced cell cycle arrest has been reported to be mediated 

by Rb hypophosphorylation via CDK2 inactivation (Traore et al. 2005). We only observed weak 

or non-detected signals from THP-1 macrophages with two different Rb phospho-antibodies, 

indicating that Rb hypophosphorylation in the host cell and infection-induced downregulation of 

MCM proteins is not mediated by the inhibition of Rb protein phosphorylation. 

Instead of phospo-Rb-proteins, the total Rb protein level was observed to be downregulated in 

THP-1 cells, as tested by western blot and in mRNA levesl by RT-PCR. Normally, an elevated level 

of Rb proteins is required for the maturation of monocyte lineage cells (Bergh et al. 1999). The 

downregulation of Rb protein has been reported to be connected with altered maturation of 

monocytes into polymorphonuclear myeloid-derived suppressor cells (PM-MDSC) instead of 

macrophages (Youn 2013). In this context, the suppression of Rb protein has been connected with 

epigenetic regulation (Youn 2013) and treatment with the histone deacetylase inhibitor, valproic 

acid, reversed the Rb expression closer to the levels observed in noninfected control cells in this 

study.  
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MDSCs have been related to the regulation of immune activity through the negative regulation of 

T-cell function (Bronte et al. 2016). Moreover, the upregulation of S100A8 and S100A9 has been 

associated with the development of MDSC phenotype, by mechanisms related to reactive oxygen 

species production (Zheng 2015). In our study, S100A8 and S100A9 were the most upregulated 

proteins by C. pneumoniae infection and the induction of S100A9 was also confirmed by western 

blot. In addition, the activation of noncanonical NF-κB signaling has been connected with MDSC 

development (Yu et al. 2014), which was also found in this study, as based on the infection-

induced upregulation of NF-κB2 in the proteomic data. Together, these results suggest that C. 

pneumoniae infection may induce monocytic cells with a MDSC-like transformation. More 

characterization and future study of their potential role in the persistent formation of C. 

pneumoniae infections is needed. 

Mycobacterium tuberculosis is a well-known intracellular human respiratory bacterium and 

capable of evading host immune responses by various mechanisms. It has been reported to 

replicate inside MDSC and induce the formation of these cells (Plessis et al. 2013, Kotze et al. 

2020). MDSC levels increased to similar than those found in cancer and inhibited T-cell activation 

during acute M. tuberculosis infection. In addition to acute bacterial infection, MDSC levels 

increased in healthy individuals after exposure to M. tuberculosis (Plessis et al. 2013). MDSC 

suppress innate immune systems, for example, via T-cell regulation and may use this as a 

mechanism for bacterial persistence inside of cells. It can be speculated if a similar mechanism 

exists with C. pneumoniae persistence in vivo.  

With the decreasing efficacy of antibiotics, one potential source of new antimicrobial compounds 

could be natural products. Even though nearly two-thirds of current antimicrobials are derived 

from natural sources (Fischbach & Wahlsh 2009), the pharmaceutical industry has not been 

interested in natural compound research. The challenges in natural product-based drug discovery 

are target deconvolution, active compound identification, and the synthesis of complicated 

structures.  

The clinical treatment of C. pneumoniae persistence has been hampered by the lack of a reliable 

serologic markers for chronic and persistent infection and effective drugs for treatment. In this 

study, the effect of schisandra lignans was studied in two different persistent models. 

Interestingly, the effect of lignans depended on the model. In THP-1 macrophages, schisandrin C 

was more effective than azithromycin and almost eradicated C. pneumoniae infectious progeny 

in culture and genome copy numbers in qPCR analysis. In the infectious progeny production test, 

some minor irregular inclusions were observed, but it is not clear whether those were viable and 

able to recover in the permissive cell lines later.  
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Schisandrin B was slightly toxic to THP-1 macrophages, but as effective as azithromycin 

treatment at lower and tolerated concentrations. Because azithromycin is effective only against 

actively replicating bacteria, schisandrin B can be expected to kill them in bacterial population in 

THP-1 macrophages. After 72 h post-infection azithromycin reduced C. pneumoniae genome 

copy numbers by 68 % and at 144 h post-infection by 93 %, when only persistent bacteria can be 

expected to remain. Schisandrin C can be instead assumed to eradicate also persistent bacteria, 

because of the clearance of infectious progeny production and qPCR measurement in long 

exposure tests.  

The effect of schisandrin was opposite than that of other lignans in THP-1 macrophages. 

Increasing infectious progenies and better clearance of infection with azithromycin indicate 

resuscitation of a phenotype closer to productive infection. Concomitant treatment with 

resuscitation compounds and antibiotics could be one possible option in the treatment of 

persistent infections.  

Possibilities to resuscitate persistent bacterial infection have been studied earlier with persistent 

E. coli and Staphylococcus aureus by combining aminoglycosides with gentamycin (Allison et al. 

2011). Aminoglycosides stimulate pulse of glucoside metabolic processes but do not cause 

persisters to revert to normally growing cells. Nonetheless, the stimulation was enough for the 

action of gentamycin. The effect was aminoglycoside-specific and neither quinolone nor β-lactam 

antibiotics had an effect on infection. Because the genome counts of C. pneumoniae did not 

increase during schisandrin treatment, active replication cannot be expected, but an increase in 

infectivity might be possible based on the increased progeny production.  

Anyhow, the similar administration of aminoglycosides would not be a possible treatment 

clinically by systemic dosing because of homeostasis system of blood circulation would repeal the 

glycoside pool, but it could be potential against topical infections.  

In A549 cells, a similar antichlamydial effects of schisandra lignans were not observed during 

amoxicillin-induced C. pneumoniae persistence as in THP-1 macrophages. Infectious progeny 

production of C. pneumoniae increased with all tested schisandra lignans when the compounds 

were added delayed or at the same time with amoxicillin. In contrast to THP-1 macrophage model, 

a similar potentiation phenomenon was not observed together with azithromycin or doxycycline 

and lignans in A549 cells. Instead of a synergetic effect, lignans seemed to reverse the effect of 

azithromycin and doxycycline against beta-lactam induced persistent infection. With 

azithromycin, infectious progeny levels were close to amoxicillin treated control, but with 

doxycycline concomitant treatment left infectious progeny levels even higher than amoxicillin 

alone and significantly higher with schisandrin 25µM.  
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Schisandrin B has been reported to decrease cell proliferation, cell cycling, and apoptosis in A549 

cells in dose- and time-dependent matter (Lv et al. 2015). Schisandrin B arrested the cell cycle at 

G0/G1 phase by decreasing the expression of cyclin D1, CDK4, and CDK6, but upregulating p53 

and p21 expression in A549 cells. Effects are similar to those observed in THP-1 macrophages 

with C. pneumoniae infection, and future research would be needed to study how schisandra 

lignans affect the cell cycle regulation pathway in THP-1 cells and in the presence of C. 

pneumoniae infection.  

Schisandra chinensis is a widely used food supplement and the main compounds, schisandra 

lignans, are redox-active compounds and are known to affect mammalian cell glutathione (GSH) 

levels (Checker et al. 2012, Kang et al. 2014, Kortesoja et al. 2019, Kortesoja et al. 2021). Based 

on earlier results from our group, lignans were observed to significantly lower GSH pools in THP-

1 macrophages. Moreover, the elevation of ROS levels in THP-1 cells was observed after 72 h 

schisandrin and schisandrin C exposure of C. pneumoniae infection (results presented in 

publication I).  As a follow-up to these results, the relevance of GSH depletion in schisandrin’s 

activity was proven by GSH ethyl ester supplementation in C. pneumoniae infection of THP-1 

macrophages. The GSH supplementation was sufficient to eliminate the elevating effect of 

schisandrin on bacterial progeny production.  

In this study, the effect of lignans on redox status was not investigated in A549 epithelial cells. 

According to yet unpublished results from our group, schisandrin B and C did not show as 

prominent inhibition effect on GSH level of A549 cells, but schisandrin decreased the GSH pool 

significantly. It is also notable that CHX, used in the infection of epithelial cells, is also lowering 

the GHS pool in A549 cells, but despite this, schisandrin reached statistical significance in CHX-

treated A549 cells. Based on these results, the effect of schisandrin can be hypothesized to be 

linked at least with GSH metabolism in C. pneumoniae infection in THP-1 macrophages and 

possibly in A549 cells. The mechanisms of action of schisandra lignans are still mostly unknown, 

but for example, proteomic analysis could be one option to screen the molecular changes caused 

by these compounds. 

Recently, the antimicrobial efficacy of amoxicillin has been proposed to depend on GSH 

concentrations (Pajares et al 2020). According to unpublished data from our group, the ROS 

production of A549 cells was dose-dependently increased upon amoxicillin treatment. The effect 

was not statistically significant in 10 mg/l concentration but increased at higher concentrations. 

Instead, amoxicillin treatment decreased GSH level at the same clinical concentrations as used in 

this study for the induction of persistence. More studies are needed to investigate whether GSH-

mediated mechanisms are related to the infection phenotype in other persistence models, as well 

as to determine whether other redox-active dietary supplements affect the antichlamydial efficacy 

of antibiotics.   
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7 Conclusions 
 

In this work, THP-1 macrophages and A549 epithelial cell line were used to establish persistent 

C. pneumoniae infection models. The models were applied to investigate host-pathogen 

relationships and effects of schisandra lignans alone and in combination with antichlamydial 

antibiotics. 

In THP-1 macrophages, simultaneous productive and persistent infections were shown to activate 

inflammatory reactions of the host cell and to inhibit processes related to the host cell cycle. We 

observed Rb protein downregulation in the context of cell cycle regulation studies. Furthermore, 

CDK6 activity was shown to be relevant for C. pneumoniae infectivity in THP-1 macrophages. 

The antichlamydial effects of azithromycin and doxycycline were decreased against persistent 

infections in the presented cell models. Reactivation of C. pneumoniae infection was observed 

with doxycycline even after monotherapy with productive bacterial infection in a permissive cell 

line, thus warranting future studies with antichlamydial antibiotics. Generally, in vitro efficacy 

research of antichlamydial compounds is done in permissive models, although the results 

presented here advocate parallel research in persistence models. 

 The impact of schisandrin, schisandrin B and schisandrin C was studied in two different 

persistent C. pneumoniae infection models. In the macrophage model, schisandrin C was shown 

to be more effective than the golden standard antichlamydial antibiotic, azithromycin, while 

schisandrin elevated infectious progeny production of C. pneumoniae. With concomitant 

administration of schisandrin and azithromycin, a potentiated antichlamydial effect was 

detected. In amoxicillin induced persistent infection, lignans instead increased infectious progeny 

production and revoked the antichlamydial effect of azithromycin and doxycycline.  

Overall, schisandra lignans model redox active food supplements and the results with antibiotics 

presented in this study evoke questions related to the effects of dietary supplements on antibiotics 

generally. More studies are needed related to the effect between redox active supplements and 

antibiotics. 

Results presented in this thesis have provided new information about host-pathogen interactions 

during persistent C. pneumoniae infection and established two cell models to investigate 

persistent C. pneumoniae infections. The overall aim of this study was to create tools for research 

on rationalize the antimicrobial treatment of C. pneumoniae and promote in vitro research of 

persistent C. pneumoniae infections. Altogether, these studies have highlighted the different 

nature of persistent C. pneumoniae between in vitro persistence models and increased knowledge 

on the relationships of C. pneumoniae and host cells.  
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Supplementary material 
 

Table S1. Used compounds in the studies. 

Compound / reagents manufacturer / supplier 
Schisandrin Sigma-Aldrich, St. Louis, MO, USA 

Schisandrin B Fine Tech Industries London, UK 

Schisandrin C Fine Tech Industries 

Azithromycin Cayman Chemicals, Ann Arbor, 

MI, USA 

Doxycycline Sigma-Aldrich  

Amoxicillin Cayman Chemicals 

Gentamycin Sigma-Aldrich 

Palbociclib Sigma-Aldrich  

Valproic acid Tocris Bioscience, United Kingdom 

Phosbol-12-myristate-13-acetate Sigma-Aldrich 

RPMI 1640 Dutch edition medium Gibco, Invitrogen, Thermo Fisher 

Scientific, Waltham, MA, USA 

RPMI 1640 BioWhittaker 

DMEM 1.0 g/L Glucose BioWhittaker 

DMEM  Gibco, Invitrogen 

Fetal bovin serum BioWhittaker, Lonza, Basel, 

Switzerland 

L-glutamine BioWhittaker 

Mercahptoethanol Gibco, Invitrogen 

Usnic acid Sigma-Aldrich 

Resazurin Sigma-Aldrich 

Pierce phosphatase inhibitor Thermo Fisher Scientific 

Pierce protease inhibitor Thermo Fisher Scientific 

4x Laemmli sample buffer Bio-Rad, Hercules, California, USA 

BCA protein assay kit Thermo Fisher Scientific 

PureLink RNA mini kit Thermo Fischer Scientific 

RevertAid First Strand cDNA 

Synthesis Kit 

Thermo Fisher Scientific 
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GeneJET Genomic DNA Purification 

Kit 

Thermo Fisher Scientific 

Glutathione ethyl ester Sigma-Aldrich 

cycloheximide Sigma-Aldrich 

 

 

Table S2. Used PCR primers in the studies 

 

 

QPCR F (5’ -3’) R (5’-3’) 

OmpA TCC GCA TTG CTC AGC C AAA CAA TTT GCA TGA AGT CTG 

AGA A 

 
RT-PCR 
MCM2 AAT TTC GTC CTG GGT CCT TT CAC TTT GCC TGG ACT CTC CT 

MCM3 CTT TCC CTC CAG CTC TGT CTA TCA CCA GGC TTC GCT TTA TC 

MCM4 TTC TTT GAC CGT TAC CCT GA ACA CTT GGC ACT GGA AGA AG 

MCM5 AGC ATT CGT AGC CTG AAG TCG CGG CAC TGG ATA GAG ATG CG 

MCM6 AAG CAC GTG GAG GAG TTC AG CGC ACG TCC ATC TTA TCA AA 

MCM7 GCT GAT TGC CGT ACA AGA G AGC AGG GTA CTG GTT CTG 

CDK6 TGC ACA GTG TCA CGA ACA GA ACC TCG GAG AAG CTG AAA CA 

FABP4 GCT TGG GAG AAA ATT AGT TGC ACG AGA GGA TGA TAA ACT GG 

GGT-1 CAG GCT GGA CAG TTC AGT GAT GAC AGG AGG ATT TGG TGG AA 

VIM GAG TCC ACT GAG TAC CGG AGA C TGT AGG TGG CAA TCT CAA 

TGT C 

S100A9 ATC ATG GAG GAC CTG GAC AC CCA TCA GCA TGA TGA ACT CC 

GAPDH CAT CAC TGC CAC CCA GAA GCT 

GTG GA 

TAC TCC TTG GAG GCC ATG 

TAG GCC ATG 
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