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1. Introduction

1.1. Chlamydiaceae

Chlamydiaceae family comprises Chlamydia genus with eleven species [1] of which
two are primarily human pathogens: C. trachomatis and C. pneumoniae [2]. The other species
infect animals: C. psittaci, C. abortus, C. felis, C. pecorum, C. suis, C. muridarum, C. caviae,
C. avium and C. gallinacea. C. psittaci, C. abortus and C. felis are occasionally transmitted to
man [3]. Chlamydiae are Gram-negative obligate intracellular bacteria [4]. The developmental
cycle of these pathogens is specific, unique and different from that of other bacteria in which
the organism is present in two main forms. The elementary body (EB) is the extracellular
infectious form of the bacterium, responsible for attaching to the target host cell and promoting
its entry. The reticulate body (RB) is the larger, intracellular, metabolically active form of the
organism that divides by binary fission. There is a third form which is larger than the size of an
RB and is called atypical or aberrant body [5]. This altered developmental form is also named
as a persistent body which is viable but non-culturable and is produced in response to stressful
conditions.

The EB is the small, metabolically inactive, infectious and dense form. It has a rigid cell
wall conferred by extensive disulphide cross-linking of the major outer membrane protein
(MOMP) and cysteine-rich proteins, including OmcB, and OmcA [6]. They can survive outside
the host cell for a limited time and then attach to and enter a new host cell. Inside the host cell,
Chlamydia EB differentiates into RB. RBs are larger, metabolically active non-infectious less-
rigid, extracellularly labile forms that do not survive outside the host cell [5]. The RB divide by
binary fission within the expanding endosome that becomes visible as a microcolony referred
to as the chlamydial inclusion. After a period of 36 or 72 hours, the RB reorganizes and
condenses to form the infectious EB. The life cycle is complete when host cell lysis by
chlamydiae or extrusion without lysis occurs, allowing the EBs to initiate a new infectious cycle
[7].

The chlamydial developmental cycle is regulated at the transcriptional level [8]. There
are three main stages of chlamydial gene expression, including early, mid and late gene
expression [9]. Transcription begins within the differentiating EB almost immediately
following internalization. Early genes are transcribed within 3 h of EB entry. One of the first

early genes is the “early upstream open reading frame” (euo) [6] which regulates the late gene
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expression and delays RB-to-EB conversion until after there has been sufficient RB replication
[10]. Midcycle genes are involved in RB growth and replication. At this stage several groups
of genes are expressed: genes whose products represent a variety of functions, for example cell
envelope biogenesis components, energy metabolism, type 111 secretion system, protein folding
including chaperonin groEL, one of the three heat-shock proteins of chlamydiae and genes
responsible for DNA replication, repair and recombination [8]. Late genes are first transcribed
and upregulated towards the end of the developmental cycle. Many late genes are involved in
RB-to-EB conversion and EB function [8]. In the persistent phase of the chlamydial
developmental cycle altered gene expression patterns were observed [11]. Tryptophan
utilization, DNA repair and recombination, phospholipid utilization, protein translation, and
general stress genes were up-regulated during persistence [12]. The persistent form of
Chlamydia was induced by interferon-gamma (IFN-y) [13], B-lactam antibiotics [14, 15], iron
depletion [16] and in different cell types e. g. C. trachomatis becomes persistent in monocytes

[17]. Persistent Chlamydia infection is serovar specific and manifests cell specific features [18].

1.1.1. Chlamydia pneumoniae

Chlamydia pneumoniae (Cpn) is a common respiratory pathogen for humans; it infects
the respiratory tract, causes pharyngitis, sinusitis, acute or chronic bronchitis, exacerbations of
chronic bronchitis and is a significant cause of community-acquired pneumonia [19]. Cpn
infection is ubiquitous, with 50% of individuals seropositive by 20 years of age and
approximately 80% in the elderly [20]. Chronic-persistent infections and reinfections are
frequent [5]. In the past 30 years, a wide spectrum of extrapulmonary diseases has been linked
to Cpn. Several studies documented the association of Cpn infection with asthma [21]. Evidence
on the role of Cpn in the pathogenesis of asthma has been achieved by polymerase chain
reaction (PCR), serological tests and by preliminary treatment trials [22]. Further diseases
linked to Cpn are multiple sclerosis [23], age-related macular degeneration [24], Alzheimer’s
disease [25], chronic fatigue syndrome [26], and chronic skin ulcers [27]. However, the
causative role of Cpn infection in these diseases has not been confirmed.

Numerous studies have demonstrated an association between Cpn infection and

atherosclerosis [28-32].
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1.2. Atherosclerosis

Atherosclerosis is one of the most frequent causes of death and morbidity in the world;
it is the underlying cause of cardiovascular diseases as myocardial infarction, cerebrovascular
accidents or peripheral vascular disease [33]. Atherosclerosis is a chronic disease with chronic
inflammation, endothelial dysfunction and lipid accumulation in the vasculature [34]. There are
several well-known atherosclerosis risk factors, such as diabetes mellitus [35], smoking [36],
hypertension [37], hyperlipidaemia [38], hypercholesterolemia [39], abdominal obesity [40].
The knowledge about the contributory mechanisms of atherosclerosis development is
incomplete [41]. Atherosclerosis begins in the early childhood with the appearance of aortic
fatty streaks and development of fibrous plagues begins in the 20s [42, 43].
The central pathogenic event that promotes atherosclerotic lesion formation is a subendothelial
retention and modification of low density lipoprotein (LDL) particles and subsequent
accumulation of LDL-derived lipids in the intima [44]. LDL can be modified by oxidation and
aggregation and this modified LDL and oxidized lipid moieties deriving from them, in turn act
as chronic stimulators of the innate (monocyte/macrophage) and adaptive immune (dendritic
cell, T-lymphocyte) response [41]. The damage to the endothelium of the arteries is the primary
cause of initiation of the development of atherosclerosis and also stimulates monocytes to
secrete pro-inflammatory cytokines [45]. High plasma LDL cholesterol concentrations,
especially oxidized LDL contributes to the formation of the atherosclerotic lesion [46]. The
endothelial injury leads to platelet aggregation and release of platelet factors which trigger the
proliferation of smooth muscle cells in the arterial intima [47]. Several epidemiological studies
have provided evidence that high high density lipoprotein (HDL)-cholesterol levels reduce the
risk of atherosclerosis regardless of LDL levels. HDL remove cholesterol from the vasculature
and deliver it to the liver for disposal in a process commonly referred to as reverse cholesterol
transport [44].

The classical risk factors of atherosclerosis are responsible for up to 90% of cases of
atherosclerosis-related morbidity. Other risk factors like infection may contribute to the disease
development [28].

Several infectious agents (viruses [48], bacteria [49], and parasites [50]) have been
associated with the risk of atherosclerosis. The first experimental evidence for contribution of
infectious agents to atherosclerosis was that the Marek’s disease virus (MDV), a chicken herpes

virus, could induce atherosclerosis in chicken and vaccination prior to challenge prevented this
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induction [51]. A wide range of pathogens have been identified by nucleic acid or antigen
detection methods in human atherosclerotic plaques [52]. Bacterial pathogens found in
atherosclerotic lesions are Cpn [53], Mycoplasma pneumoniae [54], Helicobacter pylori [55],
Enterobacter hormaechei [56], and multiple periodontal organisms (e.g., Porphyromonas
gingivalis) [57, 58]. Viral pathogens implicated in atherosclerosis development are
cytomegalovirus [59], hepatitis C virus [60], human immunodeficiency virus [61], herpes
simplex viruses [62], Epstein-Barr virus [63], enteroviruses [64], and parvovirus [65]. Only
Cpn and E. hormaechei were cultured from human atheromas [56, 66]. The mechanism of the
proatherogenic effect can be that bacterial and viral infections and the accompanying
inflammatory response damage the endothelial cells and also stimulate monocytes to secrete
pro-inflammatory cytokines [52].

Cpn has been shown to contribute to chronic inflammatory processes by direct
mechanisms or indirect mechanisms [52]. A direct effect is indicated by the ability of the
organisms to infect vascular cells and detection of the bacteria in atherosclerotic lesions and
indirect effect of Cpn results from infection at a non-vascular site that increases the level of
inflammatory cytokines and other acute phase proteins. [34] Seroepidemiological [67],
histological studies [68], direct detection of bacterial components in atherosclerotic lesions by
PCR [69] or electron microscopic studies, occasional isolation of viable organisms from
atherosclerotic plaques and in vitro experiments and in vivo animal studies provided evidence
for the role of Cpn in the pathogenesis of atherosclerosis. The first seroepidemiological studies
showed that Cpn antibodies were significantly higher in patients with myocardial infarction and
coronary heart disease than in control patients [67]. The meta-analysis of seroepidemiological
studies suggested that a positive Cpn titre was related to increased risk of atherosclerosis
compared with a negative titre, especially in cross-sectional studies [70]. The prevalence of
antibodies ranges from 60 to 80% among patients with cardiovascular diseases [55].

Cpn could be detected in coronary artery fatty streaks and atheromas by
immunocytochemistry, but couldn’t be detected in atheroma-free coronary arteries of controls
[71]. In one study Cpn was detected in early, mature and advanced lesions of 50 different
patients by electron microscopy [72] immunocytochemistry [73] and PCR technique [74]. In
clinical studies Cpn DNA could be detected by nested PCR in peripheral blood mononuclear
cells (PBMCs) of cardiovascular disease patients and in middle-aged blood donors with similar

frequency [75]. Cpn was detected within atherosclerotic plaques and in some early fatty streak
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lesions in autopsy cases with immunoperoxidase staining [73]. Cpn could be isolated from 11
of 70 specimens of coronary arteries and from coronary endarterectomy and restenotic bypass
samples and Cpn DNA was amplified from 21 of 70 samples [76]. Jackson et al [77] also
cultivated Cpn from one endarterectomy specimen and identified the bacterium. Ramirez [66]
examined coronary arteries of 12 heart transplant patients and cultured Cpn from one sample
but found 50% of samples positive for Cpn with at least one of the detection methods from
PCR, immunocytochemistry, electron microscopy, or in situ hybridization. This pathogen was
not present or very rarely in healthy arteries and this also may suggest that the organism is
involved in the disease process [76].

In in vitro experiments Cpn infection of the cells that are constituents of the
atherosclerotic plaques was successful, e.g. Cpn infected smooth muscle cells [78] and vascular
endothelial cells, and stimulated the secretion of pro-inflammatory cytokines and the expression
of leukocyte adhesion molecules by these cells [79]. Cpn infection induced macrophages to
take up increased amounts of native LDL and become foam cells, possibly due to up-regulation
of LDL receptors (LDLR) or by dysregulation of the lipid metabolism of the cells [80].
Chlamydial lipopolysaccharide (LPS) was shown to be responsible for this effect. cHsp60
(chlamydial heat-shock protein 60) can induce oxidation of LDL by monocytes [81]. Lectin-
like ox-LDL receptor (LOX-1) on endothelial cells, smooth muscle cells and macrophages is
responsible for binding and uptake of oxLDL and through this activity for the induction of many
atherogenic factors. Cpn was shown to use LOX-1 as receptor and to induce LOX-1 protein
expression in both endothelial cells (HUVEC) and RAW macrophages which resulted in
production of adhesion molecules and matrix metalloproteases appearing as a proatherogenic
mechanism of the infection [82, 83]. A study investigating the mechanism of stimulation of
proinflammatory cytokine production by Cpn showed that it was mediated through toll-like
receptor 2 (TLR2), as macrophages isolated from TLR2” mice produced 60—75% less tumour
necrosis factor-a. (TNF-ov) and interleukin-1 (I1L-1) compared with cells isolated from wild type
mice [84].

In vivo studies showed an atherosclerotic lesion exacerbation following Cpn inoculation

of hyperlipidaemic model animals of atherosclerosis [85].
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1.3. Mouse models of atherosclerosis

There are several animal models for investigation of the pathogenesis of atherosclerosis
[86]. Animal models help to clarify causalities in atherosclerosis and play an important role in
experiments aiming to clarify the mechanisms involved in atherosclerosis development and in
the current search for new therapeutics beyond the lipid-lowering drugs. Normal mice do not
develop atherosclerosis and it requires long-term feeding of a high-fat diet to induce
atherogenesis. However, there are well-established genetically modified inbred mouse lines that
allow the investigation of atherosclerosis development in mouse models. The most frequently
used mouse strains were ApoE-deficient (ApoE™’"), LDL receptor-deficient (LDLR™"), human
apoB100 transgenic and LDLR™ApoE~ [87] mice or ApoE-Leiden transgenic [88] mice which
display marked atherogenesis throughout their arterial tree especially when fed with
atherogenic diet [89, 90]. In ApoE™ mice, atherosclerosis develops spontaneously. However,
the lipid profile in these mice is distinct from that seen in most humans with atherosclerosis,
i.e. apolipoprotein (apo) B48-containing LDL plasma level is high instead of apoB100
containing LDL level as in the case of humans with hypercholesterolemia [91, 92]. The mouse
strain ApoB100only/LDLR™ carries an apoB gene with a mutation preventing the expression
of apoB48, the truncated form of apoB, similarly to humans where no apoB editing takes place
in the liver [91, 93]. LDLR deficiency prevents the uptake of apoB100 containing LDL in
tissues resulting in high plasma levels of apoB100-containing, cholesterol-rich LDL. The
creating authors of this mouse strain described these mice as an authentic model of human
familial hypercholesterolemia. In familial hypercholesterolemia the mutation in the LDLR gene

causes the disease [91].

1.4. Effect of Cpn infection in animal models of atherosclerosis

In the first animal studies, in New Zealand white rabbits Cpn infection accelerated
atherosclerosis lesion development on a normal diet [94]. Most frequently mice with genetic
modification resulting in alterations in lipid metabolism were used to investigate the
association of Cpn infection with atherogenesis [95].

In mice, intranasal Cpn infection causes lower respiratory tract disease similar to that
seen in humans with Cpn infection. The infection is followed by dissemination of bacteria [80]
and the chlamydial DNA can be detected in the circulation of mice [96]. It was shown that in

animals infected via the respiratory tract the Cpn infected macrophages behave as vectors,
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transmitting the pathogen to the vascular wall [80]. Cpn inoculation of wild type C57BL/6 mice,
fed a standard rodent chow, resulted in inflammatory changes in the aorta [97, 98]. Most
frequently, acceleration of atherosclerosis was studied after repeated Cpn infections which
simulated chronic Cpn infection of humans in association with diet-induced hyperlipidaemia in
C57BL/6J [99], LDLR™ [100], in ApoE’~ [101], in LDLR”ApoE~- [87] mice or ApoE-Leiden
transgenic [88] mice and mostly found exacerbation of atherosclerotic lesions. After multiple
chlamydial infections in C57BL/6J mice kept on slightly cholesterol enriched diet, lesions with
intimal lipid accumulation in the aortic sinus were detected and were larger than those from the
uninfected control group [102]. Although in ApoE”/LDLR™- mice Cpn infection did not induce
the formation of larger lesions but the elevated level of matrix metalloproteinase-2 (MMP)-2
and MMP-9 in the atherosclerotic lesions compared to that in mock infected mice resulted in
thinning of the fibrous cap of lesion which ultimately leads to aggravation of the atherosclerotic
process [87]. Cpn infected ApoE3-Leiden mice on atherogenic diet were infected with Cpn and
the effect was an increase in lesion development and in T cell influx into atherosclerotic lesions
in comparison to that in uninfected animals [88]. ApoB100only/LDLR” mice have not been
used as a model for the investigation of the effect of Cpn infection on the atherosclerosis
progression.

Although, repeated infections have been used to simulate human chronic infection, a
recent study demonstrated in ApoE”" mice on high-fat diet that a single intranasal inoculation
with Cpn also exacerbated atherosclerosis [29]. An increased level of circulating pro-
inflammatory cytokines and more numerous dendritic cells, T cells among them Treg cells in
the aorta were observed. These phenomena indicate the activation of innate and adaptive
immune responses contributing to systemic inflammation [29]. To investigate the immune
mechanism of the effect of Cpn infection on atherosclerosis, different knockout mouse lines:
TNF-a p55 receptor [103], IL-17A[99], TLR2, TLR4, MyD88 [104] and inducible nitric oxide
synthase (iNOS) [105] knockout mice were used. Campbell et al. found that Cpn infection did
not accelerate foam cell lesion development in the aortic sinus in hyperlipidemic TNF-a p55
receptor knockout mice and it was suggested that signalling through the p55 receptor may play
a role in the atherogenic effects of Cpn in these mice [103]. A report by Naiki et al.
demonstrated that Cpn infection-accelerated atherosclerosis was significantly inhibited in

hypercholesterolemic ApoE™" mice lacking TLR2, TLR4, or MyD88; thus proving that Cpn
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infection together with hyperlipidaemia promotes atherosclerotic plaque development via
activation of innate immunity through TLR/MyD88-dependent signalling pathways [104]. Role
of IL-17A in the interplay between Cpn infection-and atherosclerosis was investigated in IL-
17A7" mice as IL-17A is known to be involved in the pathogenesis of autoimmune and
inflammatory and infectious diseases. IL-17A~" mice developed significantly less acceleration
of lesion size following Cpn infection compared to wild-type controls which was coupled with
increased circulating inflammatory cytokine level and macrophage content in plaques. INOS
have a proatherogenic effect in late stages of atherosclerosis but not in early phase. In iNOS™-
mice Cpn infection results in increased lesion area in comparison to that in uninfected mice.
This suggest a protective effect of INOS activity the mechanism of which is associated with the

reported anti-chlamydial effect of iNOS activity [105].

1.5. Chlamydia trachomatis

Chlamydia trachomatis (C. trachomatis) is the most common sexually transmitted
bacterial pathogen and the causative agent of blinding trachoma [106]. There are two different
biovars of C. trachomatis: oculogenital biovar which cause a gamut of diseases, including
blinding trachoma (serovars A—C), urogenital tract infections and adult inclusion conjunctivitis
in women and in man (serovars D—K) and the LGV biovar (serovars L1-L3) causing a sexually
transmitted systemic disease lymphogranuloma venereum (LGV) [106]. Over 100 million
genital chlamydial infections are detected according to the World Health Organization (WHO)
annually worldwide [107]; 13.5% of women under the age of 25 were infected with C.
trachomatis and 4.4% of over 25 years old have lower genital tract infection [107]. Primary
infection occurs in the cervix or urethra. In men the Chlamydia infection is identified as the
causative agent in 50% of non-gonorrhoeal urethritis cases [108]. In women the infection results
in inflammation of the cervix which frequently becomes ascending spreading to the uterus and
the fallopian tubes. When the urethra is affected urinary syndrome can develop. C. trachomatis
genital infections are very frequently asymptomatic in men and women too [109],
asymptomatic infection produces a large reservoir of unrecognized, infected individuals who
are capable of transmitting the infection to their sexual partners [110]. The acute infections and
infections without symptoms and unrecognized and untreated infections lead to chronic

infections which are associated with severe sequelae. Complications in man include
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epididymitis, prostatitis that can negatively affect fertility, and reactive arthritis and Reiter’s
syndrome. Severe complication in women is the pelvic inflammatory disease (PID) during
which the uterus, the ovaries and the fallopian tubes can be inflamed. Tubal factor infertility,
ectopic pregnancy and chronic pelvic pain can be the most severe consequences of PID [111].
During C. trachomatis infection natural immunity develops by stimulating both humoral and
cell mediated immune responses [112]. However after primary infection the immune response
does not provide complete protection against reinfection nor prevents the development of
damaging immunopathology [113]. According to the “cellular paradigm” of chlamydial
immunopathology, in case of chronic or recurrent infections, the infected epithelial cells
continue to produce numerous pro-inflammatory chemokines, cytokines and growth factors
thus perpetuate the inflammation. Antigen non-specific innate immune cells are attracted to the
site of infection then an additional level of specific immune responses is incited. These
conditions promote cellular proliferation, tissue remodelling and eventual scarring [112, 114].
The “immunological paradigm” of chlamydial pathogenesis states that Chlamydia-induced
antigen-specific adaptive cellular responses drive pathologies. The molecular mimicry model
involves chlamydial Hsp60 and other antigens for which there is high homology between
chlamydial protein and a human protein. In this model, the persistence of chlamydia or
reinfection provides continuing antigen exposure, thus stimulating specific anti-chlamydial

adaptive cellular responses promoting tissue damage and scarring [113].

1.6. Chlamydiae in the gastrointestinal tract

Animal pathogenic Chlamydia species were isolated from various animals, for example,
ruminants, porcine, and avian species, and they were detected in different organs as well as in
faeces. In most animals, chlamydiae persist in the gastrointestinal (GI) tract and are transmitted
via the faecal-oral route [115]. Rank and Jeruva found that faeces samples from 10 of 15 calves
were positive for chlamydiae, so the Gl tract could be the natural habitat of chlamydiae in cattle
and they demonstrated horizontal transfer of the infection, with faeces samples from the naive
animals becoming Chlamydia positive [115]. Oral infection with C. muridarum has resulted in
a long term, persistent infection of the mouse Gl tract [116] which persisted for as long as 260
days after infection in the absence of pathology [117]. During C. suis infection of pig which

was often subclinical and without obvious inflammatory response in the Gl tract,
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histopathologic and electron microscopic images of the GI tract showed both normal and
aberrant chlamydial forms [118]. The GI tract seems to be an ideal site, in which Chlamydia
can persist because of a down regulated host immune response.

Several studies investigated the possibility of Chlamydia reinfection from persistent
infection in the Gl tract in humans [119].

The nature of persistent or recurrent C. trachomatis infection of the female genital tract
has not been identified. It has been suggested that genital tract infection can be accompanied
by infection of the GI tract either via oral infection, or by autoinoculation from genital
secretions or during sexual activity [120]. Anorectal samples taken from both men and women
have been tested and found positive for C. trachomatis [121]. Studies by Yeruva et al. have
suggested that especially in women, reinfection of the genital tract may occur via contamination
of the genital tract from the infected Gl tract [119]. Furthermore, C. trachomatis might have a
role in irritable bowel disease (IBD) suggested by the detection of C. trachomatis antigen in the
intestine of IBD patients [122].

1.7. Growth of C. trachomatis in different cell lines

Earlier with the purpose of diagnosis of chlamydial infections and in in vitro
experiments to characterize the replication of chlamydiae mostly epithelial cells as the prime
targets of chlamydial infection are being used [123]. It appears that the culture conditions and
nature of the host cells used to grow chlamydiae in vitro are important parameters that influence
growth of the organisms [124]. For optimal chlamydial growth an epithelial cell environment
appears to be important but the anatomical origin of the cell lines used seems to be critical as
well. For culture of C. trachomatis D-L serovars most commonly non-polarized cervix-derived
HelLa cells, representative of low, squamo-columnar epithelia were used, but HEC-1B and
Ishikawa endometrial carcinoma cell lines, representatives of tall columnar epithelia and the
breast cancer lines MCF-7 and HCC-1806 were also applied [125]. The McCoy fibroblast cell
line another commonly used host cell for Chlamydia growth originally was obtained from knee
joint from a patient with arthritis but presumably became cross-contaminated with the McCoy
B subline of mouse origin [126]. Human epithelial cell line Hep-2 can be regarded as
conventional propagating host for Chlamydia [13] but human retinal pigment epithelium was

proved to be highly susceptible to C. trachomatis infection too [127]. In human monocytes and
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dendritic cells C. trachomatis urogenital serovars are metabolically active and viable, but most
studies were not successful to recover the bacteria in HelLa cells. In monocytes persistent
chlamydial forms were identified and in dendritic cells an abortive cycle was detected. In these
cells different inflammation related genes were up-regulated in response to chlamydiae [17,
128].
Cell lines other than the conventional epithelial cells have been used to investigate the
pathomechanism of Chlamydia species caused infections at extra genital sites. C. trachomatis
D-K serovars have been implicated as organisms that can trigger reactive arthritis. Infection of
human fibroblast-like synovial cells showed that these cells do not support the active replication
of this bacterium, but aberrant persistent replication cycle occurred, accompanied with
inflammatory cytokine production by the infected cells. These observations point to the
arthritogenic role of C. trachomatis.

In earlier studies, the growth of animal Chlamydia species was investigated in cell lines
of a variety of origin. In intestinal mucosal epithelial Caco-2 cells, inclusions have indicated a
substantial growth of porcine C. pecorum and C. suis; therefore, Caco-2 cells can be regarded
as suitable hosts for animal Chlamydia [129]. If C. trachomatis can persist in the human Gl
tract it is of relevance to look into the growth characteristics of C. trachomatis in Caco-2 cells.
Caco-2 cell line could be a suitable model for investigation of Chlamydia infection in the human
Gl tract.

1.8. Defensins

Defensins are an important family of natural antimicrobial peptides acting against
bacteria, fungi and enveloped viruses [130]. Human defensins are divided into two subfamilies,
alfa and beta (B)-defensins (hBD). a-Defensins are found in neutrophil granulocytes (human
neutrophil peptides (HNPs) and in small intestinal Paneth cells. hBD-1 is constituvely produced
by various epithelial cells e.g. in the urogenital and respiratory tract. hBD-2 is mainly present
in the skin and the respiratory and gastrointestinal tracts and is expressed mainly by epithelial
cells in response to inflammatory stimuli and infection, but monocytes, macrophages and
dendritic cells are also capable of hBD-2 production [131]. In the colonic mucosa, defensins,
and among them hBD-2 represent the important effectors of the innate host defences not only
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by their microbicidal activity but by providing a link to the adaptive immune system as they
attract immature dendritic cells and memory T cells [132]. The intestinal mucosal epithelial
cells have important role as physiological barrier for pathogens and function as a part of the
innate immune system [133]. Several in vitro experiments showed the anti-chlamydial effect of
antimicrobial peptides, e.g. the protegrin more efficiently than human defensin HNP1 and 2
inhibited infection of McCoy cells by C. trachomatis [134, 135]. C. trachomatis infection
activates the production of hBD-2 which were detected quantitatively by RT-PCR in cervico-
vaginal lavage of women with chlamydiasis [136]. Secretion of hBD-2 by these epithelial cells
in response to Chlamydia infection would suggest the stimulation of the innate immune
response in the GI.

2. Aims

The present study was designed to address the following aims:

Aim 1: to investigate the potentially atherogenic effect of multiple Cpn infections in
ApoB100only/LDLR™ mice.

Our aim was to examine how repeated Cpn infection influences the atherosclerotic lesion
development in this - based on lipid profile - most suitable mouse model of human
atherosclerosis. We compared the extent of atherosclerosis in this model with that seen in the

most frequently utilized ApoE” mouse strain.

Aim 2: to investigate the growth characteristics of C. trachomatis in intestinal epithelial cells

as potential target cell during human infection and the infection induced defensin production.

Our other aim was in this study, by applying several morphological and molecular approaches
to investigate the growth characteristics of C. trachomatis in the human intestinal epithelial cell
line Caco-2, and to examine whether Chlamydia infection induces hBD-2 production in these

cells.
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3. Materials and methods

3.1. Cell lines

Caco-2, HelLa 229, HEp-2 and McCoy cells were maintained in minimal essential
medium (MEM) with Earle’s salts completed with 10% FBS, 2 mmol/liter L-glutamine, 1x
nonessential amino acids, 25 pg/mL gentamicin, and 0.5 pg/mL fungizone. The cell lines were

purchased from American Types Culture Collection (ATCC).

3.2. Bacterial strains

Chlamydia pneumoniae, CWL029 strain and Chlamydia trachomatis serovar D, UW-
3/CX strain from (ATCC) was used. Cpn was propagated in HEp-2 cells and concentrated as
described earlier [137]. C. trachomatis was propagated in McCoy cell line, as described earlier
[138]. The EBs from infected cells were purified by density gradient centrifugation. The
concentrated and purified elementary bodies (EBs) were aliquoted in sucrose phosphate-
glutamic acid buffer (SPG) and stored at -80°C until use. Infective chlamydiae were quantitated
by inoculating 10-fold serial dilutions of the EB-containing preparations onto HEp-2 or McCoy
cells. Infective Chlamydia was quantitated by indirect immunofluorescent method applying
anti-Chlamydia lipopolysaccharide monoclonal antibody (AbD Serotec, Oxford, United
Kingdom) and fluorescein isothiocyanate (FITC)-labelled anti-mouse IgG (Sigma-Aldrich, St.
Louis, MO) as described earlier [139]. The number of infectious bacteria in the Chlamydia
stock used for inoculation of mice or cell lines was expressed as inclusion forming units
(IFU)/ml.

3.3. Mouse strains

Female ApoB100only/LDL" (B6;129S-LdIr'™HerApob™259/J) mice at 8-9 or 14-15
weeks of age and ApoE deficient (ApoE™, B6.129P2-Apoe™Y"¢/J) mice at 14-15 weeks of
age were involved in our studies. B6;129S-LdIr™*"erApob™259Y/J breeding pairs purchased
from The Jackson Laboratory (Bar Harbor, ME, USA) and B6.129P2-Apoe'™U"¢/J breeding
pairs purchased from Charles River Laboratories (Sulzfeld, Germany) were housed and bred
under standard conditions. Considering that numerous atherosclerosis-related studies used
female mice [140-143], furthermore it was shown that female mice of both mouse strains
develop atherosclerosis, with no gender-related difference in ApoE” mice and with less
extensive lesions in female than in male ApoB100only/LDLR” mice [91, 93], we chose to



22

work with female mice which were available in sufficient quantity in our breeding colony.
The mice were kept on normal rodent regular chow (VRF1, Altromin GmbH & Co. KG,
Lage, Germany) or high-fat/high-cholesterol diet containing 21% milkfat and 1.25%
cholesterol manufactured by Altromin GmbH & Co. KG according to Teklad custom diet
formula TD.19121, for 12 weeks after the first infection. All experiments were approved by
the Animal Welfare Committee of the University of Szeged and conform to the Directive
2010/63/EU of the European Parliament (Permit Number: 111./2187/2015.).

3.4. Infection of mice with Cpn

Mice were intranasally infected with Cpn; 2x10° inclusion-forming units (IFU) of Cpn
in 20 ul PBS were administered intranasally three times with 2-week intervals under mild
anaesthesia by intraperitoneal injection of 100 mg/kg sodium pentobarbital. One week after
each infection and at the end of the experiment at week 12 plasma samples with heparinised
capillaries (Natelson blood collecting tubes, Fisher Scientific, Pittsburg, PA, USA) were
harvested from the retroorbital plexus under anaesthesia as described above. For RNA detection
in the aorta tissue additional groups of mice were infected once and sacrificed 1 and 4 weeks
after single infection and 5 weeks after the third infection. The control animals were left

uninfected.

3.5. Mouse tissue preparation and quantification of atherosclerosis

Twelve weeks after the first infection with Cpn the mice were sacrificed. In deep
pentobarbital sodium anaesthesia (i.p. injection of 400 mg/kg pentobarbital sodium) hearts
and aortas were perfusion—fixed using 10% buffered formalin administered through the left
ventricle. The adequacy of anaesthesia was assessed by pedal withdrawal reflex in hind limbs,
mice displaying no locomotor activity were processed. After formalin-perfusion, the upper
part of the heart and the descending aorta were dissected. Aortic sinus samples were also
collected for RNA extraction from mice anaesthetized as described above. The basis of the
heart was separated from the aorta which was dissected until the iliac bifurcation. The upper
part of the hearts was embedded in paraffin and sectioned for morphometric analyses
according to the method described by Paigen [144]. From the end of the aortic sinus 10-pum
sections were prepared until the point where the valve cusps disappeared and stained with

hematoxylin eosin. Images of aortic root sections (8 sections/mouse, every third sections)
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were acquired with a light microscope (Leitz Optical microscope) and Olympus C-7070
digital compact camera. Percentage length of the plaque-covered perimeter of aorta lumen and
percentage of aorta lumen area occupied by plaque were analysed with JMicroVision
software. The aortic arch and the adjoining descending aorta were cleared from adjacent
tissue and were opened longitudinally. The aortas were laid flat on black plastic surface and
pictures of the longitudinally opened vessels were taken applying the same illumination,
magnification and focal distance using a CMOS camera (DCM 510; pixel size: 2.2 um x 2.2
um, 2592 x 1944 pixels; 5 Mpixel; Hangzhou Scopetek Opto-Electric Co., Ltd, Hangzhou,
Zheijang, China) and the ScopePhoto software (Hangzhou Scopetek Opto-Electric Co., Ltd)
attached to a stereomicroscope (Alpha STO 44, Elektro-Optika Kft., Erd, Hungary). The
digital image of the luminal surface was evaluated for the extent of atherosclerosis by tracing
and measuring the plaque area and the total luminal surface using JMicroVision software. The

percentage of the luminal area covered by plaque was calculated for each aorta sample.

3.6. RNA extraction from mouse aorta and quantitative real time-PCR for
Chlamydia 16SrRNA expression

Aorta sinus with aortic arch for RNA extraction was collected from mice (in deep
pentobarbital sodium anaesthesia as described in the previous paragraph) at the indicated time
points after Cpn inoculation for one time or three times and pools of 3 samples at each time
points were snap-frozen in liquid nitrogen. Aorta samples from non-infected mice were also
dissected parallel with the samples collected one week after one infection. Total RNA was
isolated from the pooled aorta samples with RNA-extraction kit (Nucleospin RNA XS Kit,
Macherey-Nagel GmbH, Diiren, Germany). Concentration and purity (OD260/280) of RNA
was determined by spectrophotometry. The extracted RNA was treated with DNasel (Sigma,
St. Louis, MO, USA). Complementary DNA (cDNA) was synthetized from 1 ug DNase-treated
RNA with gScript cDNA Supermix synthesis kit (Quanta Biosciences, Gaithersburg, MD,
USA). RNA and cDNA were stored at -80 °C until use. By using cDNA as template gRT-PCR
was performed with PerfeCTa SYBR Green Supermix (Quanta) in CFX96 Real Time C1000
Thermal Cycler (BioRad, Hercules, CA, USA). All experiments involved control reactions
containing distilled water as template. Chlamydia 16SrRNA and mouse 3-actin sequences were
amplified. The sequences of primers used for RT-PCR were the following: Cpn 16S rRNA: 5°-
GGCGAAGGCGCTTTTCTAA-3’, 5-CCAGGGTATCTAATCCTGTTTGCT-3> [145];
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mouse B-actin: 5’TGGAATCCTGTGGCATCCATGAAA-3’, 5’-
TAAAACGCAGCTCAGTAACAGTCCG-3’ [146]. A BLAST search was performed to check
the specificity of the product target sequence of the primer sets. The primers were synthesized
by Integrated DNA Technologies Inc. (Montreal, Quebec, Canada). The PCR cycles consisted
of a 3 min denaturation at 95°C followed by 55 cycles each of 10 s of denaturation at 94°C, 10
s of annealing at 60°C and 10 s of extension at 72°C. The specificity of amplification was
confirmed by carrying out a melting curve analysis. The sensitivity of amplification was
controlled using standard as described earlier [38]. Amplicon standard was generated by
amplifying Cpn cDNA with 16S rRNA primers, amplicons were purified with the PCR Clean-
Up Kit (GeneElute PCR Clean Up Kit, Sigma-Aldrich); the DNA concentration was measured
with NanoDrop 1000 Spectrophotometer. The copy number was calculated using the following
formula: Copy number/ul = [6.022 x 1023 (molecules/mole) x DNA concentration (g/pl)] /
(Number of bases pairs x 660 daltons) and standard curve were generated from 10-fold serial
dilutions of the amplicon (from 1000 000 to 1 copies). qPCR analysis of the dilution series
showed that the sensitivity threshold of our method was ten 16SrRNA copies.

3.7. ELISA for detection of Cpn-specific antibodies

Plasma samples of mice collected one week after each infection and at the end of the
experiment were tested in duplicates for Cpn-specific 1gG, IgM and IgA by an in-house
developed ELISA test as described earlier [96], where NP-40 treated partially purified Cpn and
similarly treated Hep-2 mock preparation were used as antigens. Briefly, NUNC Maxisorp
ELISA plates were coated with Cpn and mock antigen (0.625 ug protein in 50 ul PBS/well),
respectively overnight at 4°C. Blocking was done with 1% skim milk in PBS with 0.05%
TWEEN 20 for 1 h. The serum samples were diluted in 0.4% skim milk in PBS with 0.05%
TWEEN 20. Mouse 1gG, IgM and IgA were detected with HRP-anti-mouse 1gG (Jackson
ImmunoResearch Laboratories West Grove, PA, USA), a-mouse IgA-HRP (Sigma) and anti-
mouse IgM p—chain (ab97260, Abcam, Cambridge, UK) secondary antibodies, respectively.
Optical densities (OD-s) detected on Cpn antigen were corrected with OD values measured on
the control antigen. Cpn-specific 1gG antibody titres were determined by testing serial 2-fold
dilutions of the serum samples on Cpn and control ELISA antigen, and reciprocal of the dilution
producing OD >0.1 after correction with OD values measured on control antigen was regarded

as titre. Geometric mean of titres of individual serum samples was calculated. For determination
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of Cpn-specific IgM and IgA levels serum samples were tested at 1:50 dilution and determined

as the measured and corrected OD values.

3.8 Serum lipoprotein analysis

Levels of total cholesterol, triglycerides, high-density lipoprotein (HDL) and LDL
cholesterol were determined in plasma samples of mice through a service from the Department
of Laboratory Medicine, University of Szeged, Hungary.

3.9. Infection of different cell lines with C. trachomatis

The cells were grown in 6-well (1x10° cells/well), 96 well (4x10* cells/well), or 24-well
culture plates (2.5x10° cells/well) with 13 mm glass coverslips. The plates were kept for 1 h at
room temperature (RT), and then incubated overnight in 5% CO? atmosphere at 37°C to reach
90% confluency. The cells were then infected with Chlamydia at a multiplicity of infection
(MOI) of 1 or 5 in complete MEM with 0.5% glucose and centrifuged at 800 x g for 1 h RT.
The medium was replaced in the wells with a cycloheximide-containing one (1 pg/mL).
Cycloheximide was not added to the medium of cells in 6-well plates infected for testing
defensin secretion or RNA expression analyses. For DNA quantitation, the infected cells in 96-
well plates were incubated in cycloheximide containing medium or cycloheximide-free
medium. The culture plates were incubated for different time periods in CO? incubator at 37°C.

Assessment of the infectivity of C. trachomatis D replicating in Caco-2 or HeLa cells
was done by inoculation of the infected cell lysates onto McCoy cells in 24-well plates with
glass coverslips. Cell lysates were prepared by scraping the infected cells into the culture
medium at each examination time point. After two freeze-thaw cycles and sonication in water
bath, the lysates were centrifuged at 800 x g for 1 h onto McCoy cells grown in 24-well plates
with 13 mm glass coverslips. After 48 h, the cells were fixed with acetone at -20°C for 10 min.

3.10. Immunofluorescent staining of infected cells for visualization of inclusions
and quantitation of recoverable C. trachomatis

The staining of Chlamydia-infected cells on coverslips was performed via using anti-
cLPS and FITC-labelled anti-mouse IgG as secondary antibody. The coverslips were treated
with Evan’s Blue at room temperature for 1 min. The chlamydial inclusions were photographed

and counted under a fluorescent microscope.
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3.11. Transmission electron microscopy (TEM)

The cells were cultured in 6-well plates and infected with Chlamydia at an MOI of 1.
After 24 and 48 h, the infected cells were washed in plates with 3 mL PBS and collected after
trypsin treatment. After sedimentation with 400 x g for 5 min, the cells were fixed with 2%
glutaraldehyde and 1% osmium tetroxide overnight at 4°C. Samples were embedded in Embed
812 (EMS, USA) using a routine TEM embedding protocol. Ultrathin sections (70 nm) were
cut with an Ultracut S ultra-microtome (Leica, Austria). After staining with uranyl acetate and
lead citrate, the sections were examined with a Philips CM10 electron microscope. Images were
acquired by using Olympus Soft Imagine Viewer program.

3.12. C. trachomatis DNA quantitation

For the quantitative assessment of chlamydial replication, we followed a direct DNA
quantitation method described previously [147]. The cells cultured in 96 or 24-well plates were
infected with Chlamydia. After 0, 24, 48 and 72 h, the infected cells in 3 parallel wells were
washed in the plates twice with 200 puL/well phosphate buffered saline (PBS). Then, either 100
or 625 uL Milli-Q water was added to the wells, and the plates were stored at -80°C. Two
freeze-thaw cycles were applied to free the DNA from the cells. Thoroughly mixed lysates were
used as templates directly for quantitative PCR (QPCR) using SsoFast™ EvaGreen ®Supermix
(BioRad). Pyk primers were used for the detection of C. trachomatis D genomes (Table 1).

3.13. RNA extraction from infected cell lines

For the analysis of gene expression, total RNA was extracted from the infected cells in
6-well plates at 2, 24, 48 or 72 h after infection (3 parallel cultures at each time point) with
GenElute Mammalian Total RNA Miniprep Kit (Sigma) according to the manufacturer’s
protocol. Concentration of RNA was determined by spectrophotometry. The extracted RNA
was treated with DNase | (Sigma). cDNA was synthetized from DNase-treated RNA with
gScript cDNA Supermix synthesis kit (Quanta Biosciences). RNA and cDNA were stored at -
80°C until use.

3.14. C. trachomatis gene expression analysis by quantitative RT-PCR

By using cDNA as template, qRT-PCR was performed with PerfeCTa SYBR Green
Supermix (Quanta) in CFX96 Real Time C1000 Thermal Cycler (BioRad). 16SrRNA was used
as the internal standard for counting the relative expression of Chlamydia genes as this gene
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was previously shown to be an accurate normalizing gene for gene expression analysis in C.
trachomatis [148]. The relative expression of euo, groEL, ftsK, omcB, ompA and pyk transcripts
of C. trachomatis was evaluated. The sequences of all primers used for RT-PCR are shown in
Table 1. All primers were synthetized by Integrated DNA Technologies Inc. (Montreal, Quebec,
Canada). The PCR cycles consisted of a 3-min denaturation at 95°C followed by 55 cycles of
10 s of denaturation at 94°C; 10 s of annealing at 61.5°C for 16S rRNA, groEL, omcB, ompA,
pyk, 54°C for ftsK, and 10 s of extension at 72°C. The samples were tested in triplicates, and
no-template controls with distilled water were run in each case. The melt curve analysis was
performed to prove the specificity of the amplification.

The relative gene expression levels (RQ) were given by calculating the delta-deltaCt
(AACt) value. The lowest cycle number, at which the various transcripts were detectable,
referred to as Ct, was compared with that of the 16S rRNA, and the difference was referred to
as ACt (Borges et al. 2010). The relative expression level was given as 2—(AACt), where AACt
= ACt for the experimental sample minus ACt for the control sample at 2 h.

Table 1. Primer sequences used for gRT-PCR detection of expression of C. trachomatis
genes.
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Sequence

PCR product size

Target gene (bp)
16SrRNA F 5’-CACAAGCAGTGGAGCATGTGGTTT-3’
191
16SrRNAR 5’>-ACTAACGATAAGGGTTGCGCTCGT-3’
euo F 5’-TCCCCGACGCTCTCCTTTCA-3’
263
euoR 5’>-CTCGTCAGGCTATCTATGTTGCT-3
5’ CGGAAGAAAGCAAGCGTTTC 3’
ftsK F 70
ftsk R 5> GGGCTAGATACACGCATGTTTTAAC 3°
groEL F 5’>-TCACTCTAGGGCCTAAAGGACG-3’ "
groEL R 5>-TCATGTTTGTCGGCAAGCTC-3’
omeB E 5> TGAAGCAGAGTTCGTACGCAGTG 3’ 175
omcB R 5> AACGGATCTCTGGACAAGCGCAT 3’
ompA F 5’-TCGACGGAATTC TGTGGGAAGGTT-3’ 1
ompA R 5’>-TATCAGTTGTAGGCTTGGCACCCA-3’
5’-GTTGCCAACGCCATTTACGATGGA-3’
pyk F 81
pyk R 5’>-TGCATGTACAGGATGGGCTCCTAA-3’

3.15. ELISA for detection of hBD-2

The supernatant of the infected cells from 3 parallel wells’ 24-well plates were harvested

at different time points post infection. For the detection of hBD-2 production, the supernatants
of the cells were tested by using hBD-2 ELISA kit (Alpha Diagnostic, San Antonio, TX, USA).
The level of the hBD-2 (12.5-200 pg/mL detection range) was determined according to the

manufacturer’s instructions. The supernatant of Caco-2 cells treated with heated (1 h, 56°C)

overnight culture of Escherichia coli Nissle 1917 strain (MOI of 100), a potent inducer of HBD-

2, was used as positive control.

3.16. Statistical analysis

Data are expressed as mean + SD. Independent-samples t-test was used with SigmaPlot

for Windows Version 11.0 software. A P value of less than 0.05 was considered to indicate

statistically significant difference.
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4. Results

4.1. Infection of ApoB100only/LDLR” mice with Cpn

Mice infected 3 times with Cpn showed mild symptoms of a disease as ruffled fur and
moderate food consumption, especially during the first week after the first infection. At the time
of the first infection half of the mice were given a high-fat/high-cholesterol diet the other half
was kept on normal rodent chow. Non-infected mice were kept under similar conditions. All
infected mice produced Cpn-specific antibodies which were not seen in the non-infected mice.
Normal and high-fat/high-cholesterol diet-fed mice produced similar level of Cpn-specific 1gG
antibodies (OD 0.36-0.4 at dilution 1:100).

4.2. Repeated Cpn infection aggravates atherosclerosis development in the aorta
sinus and in the descending aorta of ApoB100only/LDLR” mice kept on normal
diet

The mice received the first Cpn infection at the age of 8-9 weeks; uninfected mice with

same age served as controls. Fed with an atherogenic diet very similar pathology was observed
in the aorta sinus of the mice that received three chlamydia infections and in those remained
uninfected. The quantitative evaluation did not disclose significant difference in the length of
the plaque-covered perimeter of the lumen (Figure 1A), neither in the size of the plaque-
occupied area in the aorta lumen (Figure 1B). The aorta sections of the normal diet-fed non-
infected animals demonstrated very early-stage and small extent of atherosclerosis with a single
layer of foam cells. However, in the aorta sections of repeatedly Cpn-infected mice we observed
a significant increase in the length of the plaque-covered perimeter of the lumen (P < 0.05)
(Figure 1A) and in the size of the plaque-occupied area in the aorta lumen (P < 0.05) (Figure

1B) compared with that in the non-infected counterpart in normal diet-fed group.

On the luminal surface of the longitudinally opened descending aorta well discernible plaques
could be observed. Small areas corresponding to atherosclerotic alteration were seen in the case
of the aorta of the non-infected animals fed with normal diet. The atherosclerosis-affected areas
were measured significantly larger in the descending aorta of the infected animals. In the high-
fat/high-cholesterol diet-fed animals, significantly increased plagque-covered spots were visible
compared to that in the normal diet fed mice however the infection did not enhance the lesion

formation in this part of the aorta (Figure 1C).
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Figure 1. Morphometric analyses of atherosclerotic plaques in ApoB100only/LDLR”" mice.
(A) Measurements for the length of the aortic luminal surface (perimeter) covered by plaque
(PAP/APX100); (B) percentage of aortic lumen area occupied by plaques (PLA/LAx100) in 8
cross-sections of aortic root from each ApoB100only/LDLR” mouse in groups kept on normal
diet without Cpn infection (number of mice (N)=6) or infected with Cpn 3 times (N=8) or on
high-fat/high-cholesterol diet for 12 weeks without Cpn infection (N=6) or infected with Cpn
3 times (N=8). Average percentage values from individual mice and mean percentages in
groups are shown. PAP — plaque-covered aorta perimeter, AP - aorta perimeter, PLA - Plaque-
occupied lumen area, LA - aorta lumen area; (C) Plaque size was measured in the longitudinally
opened descending aorta of each ApoB100only/LDLR” mouse in groups kept on normal or
high-fat/high-cholesterol diet for 12 weeks without Cpn infection or infected with Cpn 3 times.
The percentage of total aorta area covered by plaques was calculated. Data show the results of
one of two independent experiments. For comparison of groups independent-samples t-test was
used, * P<0.05. ND - normal diet, HFD — high-fat/high-cholesterol diet, 3x — three intranasal
Cpn infections.
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4.3 Viable Cpn was detectable in the aorta of ApoB100only/LDLR” mice

As Figure 2A shows the persistence of the bacterium was tested early i.e. one week after
the first infection, again four weeks after single infection and at 9 and 12-week time points after
three chlamydial infections by RT-PCR. An equal amount of RNA purified from pooled
ascending aorta samples of mice was DNase-treated then reverse-transcribed and mouse S-actin
as housekeeping gene was amplified from all samples. One and four weeks after single
inoculation the expression of chlamydial 16SrRNA was detectable (Figure 2B) with a ~1000-
fold lower relative expression level at four weeks than at 1 week time point (Figure 2C). Five
weeks after the third infection one aorta sample of 2 showed metabolically active Cpn in the
aorta and the relative expression level was similar to that after single infection at 4 weeks

(Figure 2C). At later time point, our test was not able to detect chlamydial gene expression.
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Figure 2. Chlamydia RNA in the aorta tissues. (A) Experimental design for Cpn infection of
ApoB100only/LDLR™ mice, and 16SrRNA transcript detection in pooled aorta samples (two
pools of 3 aortas from 6 mice) of once (1x Cpn), 3 times (3x Cpn) Cpn infected and non-infected
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mice (“+” — aorta samples tested positive, “-* - aorta samples tested negative for expression of
16SrRNA by qRT-PCR). (Ba) ldentification of the RT-PCR-amplified Cpn 16SrRNA cDNA
in the aorta of Cpn-infected ApoB100only/LDLR”" mice. Melt curves show Cpn 16SrRNA
amplicons in 1. Cpn-infected McCoy cells (positive control), aorta samples tested 2., 3. 1 week
after single Cpn infection, 4. 5 weeks after third Cpn infections, 5., 6. 4 weeks after a single
Cpn infection; (Bb) B-actin amplicons in all tested aorta samples and Cpn-infected McCoy cells.
(C) Expression of Cpn 16SrRNA normalized to the expression level of mouse -actin at 1 week
after single Cpn infection was set as 1 and relative mouse [-actin-normalized Cpn 16SrRNA
expression level in all pooled aorta samples giving positive 16SrRNA signal was calculated.
The measurements were repeated two times with same results.

4.4 Infection of ApoB100only/LDLR” and ApoE~’ mice with Cpn induces similar

kinetics of antibody production
Based on the above results we aimed at performing a comparative experiment by

applying our infection protocol both in ApoB100only/LDLR” and in ApoE™ mice (14-15
weeks of age) while keeping them on a non-atherogenic diet. The humoral immune response
induced by the infections was compared by measuring the titre of Cpn-specific IgG antibodies
(Figure 3A) and the level of IgM (Figure 3B) and IgA (Figure 3C) antibodies one week after
all three infections and at the end of the experiment. The level of antibody response did not
differ significantly in the two mouse strains. The IgA level tended to be lower in ApoE™ mice
(Figure 3C) however, the difference was not significant. Two independent experiments gave

similar results.
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Figure 3. Cpn specific antibodies in the mice. The serum antibody levels were measured in
ApoB100only/LDLR” and ApoE™ mice 1 week after first (1x), second (2x), third (3x) Cpn
infection and at the end of the experiment (week 12) by an in-house ELISA test with Cpn
antigen. (A) Geometric mean (GM) of IgG titres — reciprocal of dilutions producing OD >0.1
is shown. (B) For detection of Cpn specific IgM and (C) IgA level in the sera 1:50 dilutions of
serum samples (ApoB100only/LDLR”: N=7, ApoE” mice: N=8) were tested with the ELISA
test. OD values and standard deviations (SD) are shown. Data represent the results of one of
two independent experiments.

4.5 The extent of atherosclerosis is similarly increased in the aorta of Cpn-
infected and normal diet-fed ApoB100only/LDLR” and ApoE~’ mice

In normal chow-fed ApoB100only/LDLR mice at the age of 24-25 weeks the lesions
consisted of mainly single or multiple layers of macrophage foam cells but some more advanced
plaques with cholesterol crystals and necrotic core were also seen. In ApoE™" mice at same age
more numerous advanced lesions with necrotic core and cholesterol cleft were found. In Cpn-
infected ApoB100only/LDLR mice larger advanced plaques and in infected ApoE”"mice more
plaques with necrotic core and accumulated cholesterol crystals appeared. Representative

sections from the experimental groups are shown in Figure 4A.

The measurements proved that in ApoE”- mice the atherosclerosis was more pronounced
than in ApoB100only/LDLR”" mice. The difference was seen in respect of the size of plaque-
occupied lumen area in the aortic sinus (Figure 4B) and the length of the plaque-covered aorta
surface in the lumen (Figure 4C). Lesions in the descending aorta also were larger in ApoE™"
mice than in ApoB100only/LDLR” mice (Figures 4D, E). When the effect of Cpn infection
was analysed, significant enhancement in the measured values was found. The plaque-covered
perimeter of the lumen in the aorta sinus sections (Figure 4B), the plaque-occupied lumen area
(Figure 4C), and the plaque size in the descending aorta (Figure 4E) increased 2.08 fold (P =
0.035), 1.7 fold (P = 0.004), 2.5 fold (P = 0.001), respectively in ApoB100only/LDLR™", and
2.04 fold (P = 0.019), 1.32 fold (P = 0.026), 2.56 fold (P = 0.002), respectively in ApoE”mice.
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Figure 4. Comparative quantitative assessment of atherosclerosis in ApoB100only/LDLR”- and
ApoE’ mice. Atherosclerosis development was assessed by histological and morphometric
analyses in the aorta sinus and descending aorta of ApoB100only/LDLR™ and ApoE~" mice
without and with 3 Cpn infections, 12 weeks after the first infection kept on normal diet. (A)
Photo of representative hematoxylin and eosin-stained cross-sections of the non-infected and
Cpn-infected ApoB100only/LDLR” mice and non-infected and Cpn-infected ApoE™ mice
(scale bar: 500 um). Arrows point to atherosclerotic lesions. (B) The percentage length of the
aortic luminal surface (perimeter) covered by atherosclerotic plague (PAP/APx100); (C)
percentage of aortic lumen area occupied by atherosclerotic plaques (PLA/LAX100) in 8
sections of aortic root from non-infected (N=6), Cpn infected (N=7) ApoB100only/LDLR™,
and non-infected (N=6) and Cpn infected (N=8) ApoE” mice. Average percentage values from
individual mice and mean percentages in groups are shown. (D) In situ microscopic pictures of
en face proximal aorta of non-infected and Cpn-infected ApoB100only/LDLR” and ApoE™
mice, respectively. (E) Plaque size was measured on the length of the luminal surface of the
descending aorta of 6-8 mice, and the percentage of total aorta area covered by plaques was
calculated. Percentage values in individual mice and mean percentages in groups are shown.
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Data demonstrate the results of one of two independent experiments. For comparison of groups
independent-samples t-test was used, * P<0.05. PAP — plaque-covered aorta perimeter, AP -
aorta perimeter, PLA - Plague-occupied lumen area, LA - aorta lumen area, 3x — three intranasal
Cpn infections.

4.6. Plasma lipid levels in ApoB100only/LDLR" and ApoE~’ mice

Plasma samples of mice were tested for lipid levels. At each tested time point
irrespective of the infection status ApoE” mice carried a higher level of total cholesterol than
the ApoB100only/LDLR mice (Figure 5A). In the plasma of uninfected ApoB100only/LDLR"
"mice the triglyceride concentration was elevated compared to that in ApoE~-mice (Figure 5B).
Infection one or two times did not cause increase in triglyceride level, but the third Cpn
inoculation resulted in a significant elevation (P = 0.001) in ApoE” mice. In
ApoB100only/LDLR” mice no infection-related change in triglyceride level was obvious
(Figure 5B). Plasma concentration of LDL was higher in ApoE” mice than in
ApoB100only/LDLR” mice (Figure 5C). Infection-related significant increase in LDL level
was associated with the first infection in ApoB100only/LDLR™ mice only (P = 0.04). HDL
plasma concentration was generally higher in ApoB100only/LDLR mice than in ApoE™" mice
and in these mice the concentration decreased by the end of the observation period but remained
high in ApoB100only/LDLR”" mice (Figure 5D). No infection-associated change in HDL level

was detected.
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Figure 5. Plasma lipid levels in the mice. Plasma samples of ApoB100only/LDLR”- and ApoE-
" mice taken at 1 week after the first (1x), second (2x), third (3x) Cpn infection and at the end
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of the experiment (week 12) and from the non-infected control mice at the same time points
were tested for concentration of (A) total cholesterol, (B) triglyceride, (C) LDL and (D) HDL
content. Lipid concentrations are expressed as mmol/L, mean of values measured in individual
mouse sera (ApoB100only/LDLR”non-infected (N=6), Cpn infected (N=7), and ApoE’ mice
non-infected (N=6), Cpn infected (N=8)) and standard deviations (SD) are shown; independent-
samples t-test was used, * P=0.01. The figure demonstrates the results of one of two
independent experiments.

4.7. Detection of Chlamydia growth by immunofluorescence staining in Caco-2 and
conventional host cells

After indirect immunofluorescence staining with anti-cLPS antibody, inclusions of C.
trachomatis were seen in Caco-2 and HeLa cells. The detection of the inclusions suggested
ongoing replication in both cell types; however, the morphology of the inclusions demonstrated
different growth kinetics in the different cell types. C. trachomatis D formed compact
inclusions in Caco-2 cells with cLPS appearing in the cell membrane (Figure 6A), and Hela
cells showed inclusions with dense core and expanding cLPS signal at 24 h post-infection
(Figure 6B); at 48 h in Caco-2 cells (Figure 6C) the inclusions grew larger but in the permissive
HelLa cells expanding fluorescing areas had shown the final stage of replication cycle by this
time (Figure 6D).
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Figure 6. Immunofluorescence-stained inclusions of C. trachomatis D in Caco-2 and HelLa
cells. The cells were grown on 13 mm coverslips, and the monolayers were infected at an MOI
of 1. C. trachomatis D-infected Caco-2 cells were incubated for 24 h (A) or for 48 h (C), and
C. trachomatis infected HelLa cells were incubated for 24 h (B) and for 48 h (D). After the
indicated times, the cells were stained by indirect immunofluorescence using anti-cLPS
antibody and FITC-labelled anti-mouse 1gG secondary antibody. Pictures were acquired by a
digital camera attached to a fluorescence microscope using 625-fold magnification.

4.8. Transmission electron microscopy of Chlamydia infected Caco-2 and

conventional host cells
With TEM, C. trachomatis D inclusions were observed both in Caco-2 (Figure 7A, B)

and HeLa (Figure 7C, D) cells. The developmental stage of the bacteria in the inclusions at 48
h post-infection was rather heterogeneous in Caco-2 cells; however, in HeLa cells fully

developed inclusions with numerous EBs were seen.

Figure 7. TEM images of C. trachomatis D inclusions in infected cells. Cells grown in 6-well
plates were infected with chlamydiae at an MOI of 1. At the indicated time points after
infection, the cells were fixed and processed for electron microscopy. Chlamydial inclusions in
(A, B) C. trachomatis serovar D infected Caco-2 cells 48 h post-infection; (C, D) C. trachomatis
D infected HeLa cells 48 h post-infection. Magnification is shown by the scale bars.
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4.9. Chlamydia genome accumulation in Caco-2 and conventional host cells

The quantitative features of Chlamydia replication in the intestinal epithelial cells in
comparison with that in conventional host cells were investigated with a novel DNA
quantitation method [147]. We followed the accumulation of Chlamydia genomes during a 3-
day culture period in Caco-2 and in HelLa cells. The lysates of infected cells were used as
templates, and the quantity of chlamydial genomes was estimated with qPCR at different time
points after infection. Fold increase in the amount of pyk gene of C. trachomatis was calculated
in comparison with the amount detected at O h of infection. C. trachomatis growth seemed
unrestricted in Caco-2 cells, chlamydia genomes propagated to similar amount by 72 h as in
HelLa cells (Figure 8A). As suggested by the microscopic findings, the kinetics of replication
followed a slower course in Caco-2 cells. In cycloheximide-free conditions, the yield was lower
in Caco-2 cells and in HeLa cells, too (Figure 8B). In HeLa cells the replication peaked at 48 h
and declined thereafter; the latter was not seen in Caco-2 cells. In Caco-2 cells, the effect of

cycloheximide did not cause any major change in the course of the replication opposite to that
in HeLa cells.
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Figure 8. Analysis of C. trachomatis D growth based on the quantitation of chlamydial DNA
by gPCR in Chlamydia infected cells. Caco-2 and HeLa cells were infected in 96-well plates at
an MOI of 5 in a medium with cycloheximide or without cycloheximide; direct detection of
Chlamydia genes in the lysate of infected cells was done at 0, 24, 48 and 72 h post-infection.
Increase in the quantity of chlamydial DNA was compared to the quantities detected at 0 h of
infection. (A) Increase in the amount of C. trachomatis D pyk gene in the presence of
cycloheximide, and (B) in the absence of cycloheximide. The mean of fold change in 3 parallel
cultures and SD is shown. The data represent the results of one of three independent
experiments.
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4.10. Production of infective Chlamydia progeny in Caco-2 and conventional host
cells

In order to see whether the production of infective chlamydiae paralleled DNA
accumulation, the infected cells were collected together with their supernatant, and the
recoverable viable C. trachomatis bacteria were quantitated by inoculation of the sonicated cell
in their media onto McCoy cells. Infective chlamydiae were recoverable showing that a full
replication cycle takes place in Caco-2 cell line. The growth of C. trachomatis was somewhat
delayed in Caco-2 cells, but at 72 h post-infection, similar amount of C. trachomatis was

cultured from Caco-2 cells to that from HeLa cells (Figure 9).
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Figure 9. Kinetics of replication of C. trachomatis D in Caco-2 cells and in the conventional
host cells as assayed by quantitation of recoverable infective bacteria. Lysates of C. trachomatis
infected (MOI 5) Caco-2 and HeLa cells in their supernatants were collected at different time
points after infection, and they were inoculated onto McCoy cells grown on cover slips. After
48 h incubation, the inclusions were visualized by immunofluorescence staining. The mean of
titres expressed as IFU/mL in 3 parallel cultures and SDs are shown. The single asterisk (*)
shows statistically significant differences between IFU values in the same cell type at different
time points; the double asterisk (**) indicates statistically significant difference between values
measured in supernatants of different cell types: P<0.05. The data represent the results of one
of three independent experiments.

4.11. Transcript patterns for selected Chlamydia genes during infection of Caco-2
and conventional host cells
As the kinetics of C. trachomatis replication exhibited difference in Caco-2 cells

compared to that in HeLa cells, we investigated the expression of selected Chlamydia genes



40

during a 3-day period. Intrinsic characteristics of the intestinal epithelial cells as growth
environment could be reflected in a change of gene expression pattern of chlamydiae. The
relative gene expression levels normalized to 16S rRNA expression are shown in Figure 10. At
24 h post-infection, the earliest time point evaluated, the relative expression of the early cluster
gene euo (Figure 10A) was at much lower level in HelLa cells than in Caco-2 cells, and it
increased at later time points, when the replication was already at lower rate. After 24 h, euo
expression level moved to the opposite direction in Caco-2 cells in parallel with the continued
replication.

The relative expression of pyk, ompA, ftsK and omcB (Figure 10) genes of C. trachomatis D
followed similar trends in both examined cell lines, but the relative expression persisted at
higher levels in Caco-2 cells than in HeLa cells. After 24 h, the level of pyk gene expression
decreased gradually over time at similar rates (Figure 10B) in both examined cell lines. The
highest level of ompA gene expression was observed at 24 h and persisted at high level for a
longer time in Caco-2 than in HeLa cells (Figure 10E). The highest level of ftsK gene expression
was observed at 24 h after infection, at the time of frequent cytokinesis, and it remained at high
level in Caco-2 cells at later time points, too (Figure 10D). The expression of the late gene
omcB peaked at 48 h post-infection with again a higher level in Caco-2 cells than in HeLa cells
(Figure 10F).

Constantly high relative amount of groEL transcripts was observed in Caco-2 cells, including
the earliest time point tested at 24 h (Figure 10C). An increased relative high rate of expression
of groEL gene occurred only from 48 h post-infection in HelLa cells. Further analysis and
summary of the above data are shown in Figure 10G on the ratios of gene expression values
seen in Caco-2 cells versus that in HelLa cells. These data demonstrate the delayed and
prolonged replication cycle in Caco-2 cells with higher euo expression at early time point (24
h) and decreased euo expression at late time point (72 h), with higher cytokinesis related (ftskK)
and membrane protein gene (ompA, omcB) expressions at later time points in Caco-2 cells. An
outstanding groEL gene transcription, especially at 24 h post-infection in Caco-2 cells, is

detectable.
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Figure 10. The time course of relative expression of different C. trachomatis D genes in Caco-
2 cells and in conventional permissive HeLa cells. cDNA was prepared from Caco-2 and HelLa
cells at different time points (24, 48, 72 h) after infection with C. trachomatis D at an MOI of
5 in 6-well plates in a medium without cycloheximide. Real time gRT-PCR for quantitation of
relative expression of (A) euo, (B) pyk, (C) groEL, (D) ftsK, (E) ompA, and (F) omcB genes
was performed; the expression levels were normalized to 16S rRNA gene expression. The fold
change in relative expression levels is shown (RQ). The data represent the mean values and SD
measured in three parallel samples of one of two independent experiments. (G) Calculated ratios
of relative gene expression values detected in Caco-2 cells versus in HelLa cells are shown. A
bar indicating the color scale for calculated differences is given: boxes with different shades of
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red through white color denote increased expression; green colored boxes denote decreased
expression.

4.12. HBD-2 inducing capability of C. trachomatis in Caco-2 cells

Since Caco-2 cells are intestinal mucosal epithelial cells, and this cell type has an
important role as a physiological barrier for pathogens in the colon, and hBD-2 is induced by
microbial molecules, it was investigated whether C. trachomatis was able to induce production
of this antimicrobial peptide by Caco-2 cells. By hBD-2 ELISA, hBD-2 protein was detectable
in high levels in the supernatant of Nissle-stimulated control Caco-2 cultures with a peak at 48
h post-treatment (Figure 11). C. trachomatis D-infected cells showed similar time course of

hBD-2 release, however at a significantly lower level than in the case of stimulation with E.
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Figure 11. hBD-2 production by Caco-2 cells in response to Chlamydia infection. The
supernatants of non-infected cells () and the cells infected with C. trachomatis D (Ctr D) at an
MOI of 5 or treated with heat-treated E. coli Nissle strain in 24-well plates were harvested at
different time points post-infection. For the detection of hBD-2 production, the supernatants of
the cells were tested by hBD-2 specific ELISA. The mean concentration values in 3 parallel
cultures and SDs are shown. The asterisk (») shows statistically significant differences between
values measured in the supernatant of Chlamydia infected cells and values measured in
supernatants of E. coli Nissle treated cells; P<0.05.
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5. Discussion

5.1. Aim 1:

ApoE’'mice are widely used as animal models of atherosclerosis; however, the
lipoprotein metabolism of this mouse strain is different from that in humans with
hypercholesterolemia. ApoE”" mice accumulate in their plasma large quantities of ApoB48
containing lipoprotein of the very low-density lipoprotein (VLDL) class while humans with
atherosclerosis almost always have high level of cholesterol-rich LDL containing ApoB100
[93, 140]. Many publications investigating the relation of Cpn with atherosclerosis have used
this model to disclose the nature of the association between infection with this pathogen and
initiation and/or acceleration of atherosclerosis [29, 101, 149-151]. It has been suggested that
Cpn infection exacerbate atherosclerosis in conjunction with hyperlipidaemia however ApoE
deficiency might influence the immune response to this pathogen and provides increased
resistance to vascular infection [150]. We aimed at examining the influence of repeated Cpn
infection on the formation of atherosclerotic plaques in ApoB100only/LDLR”" mouse strain
another model for lipoprotein abnormalities which can be regarded as the most faithful model
of human familial hypercholesterolemia [91].

ApoB100only/LDLR™ mouse strain was created by genetic modification, so that
majority of their plasma cholesterol is in the LDL class with ApoB100 and develops
atherosclerosis on low-fat, chow diet. First, we wanted to establish that ApoB100only/LDLR™
mice can serve as a model for investigating the role of Cpn in atherosclerosis. Therefore groups
of mice were fed with a normal or high-fat/high-cholesterol diet and were repeatedly infected
with Cpn or left uninfected, and development of atherosclerosis was followed. As our
experiments showed, in ApoB100only/LDLR”-mice which were fed with normal diet repeated
three Cpn infections resulted in an enhanced atherosclerosis development in the aortic sinus
and the descending aorta. High-fat/high-cholesterol diet-induced enhanced atherosclerosis was
not exacerbated by Cpn infections. Thus all further experiments were done with mice kept on
normal diet. As it is said that Cpn acts in cooperation with hyperlipidaemia it seems that the
effect of hyperlipidaemia in ApoB100only/LDLR™ mice can be aggravated by Cpn infection
but Cpn does not exacerbate atherosclerosis further in the presence of high-fat/high-cholesterol
diet [152-154]. Nevertheless, the bacterium influenced the course of atherosclerosis
development indicating that ApoB100only/LDLR”- mice are suitable for further research. Our
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results are consistent with findings of Moazed et al. who described atherosclerosis-accelerating
effect of Cpn infection in ApoE™" mice eating regular chow diet [153]. However, atherosclerosis
was also exacerbated in ApoE” mice kept on high fat diet by single or 3 repeated Cpn infections
[29, 104].

We hypothesized that based on the genetic difference between ApoB100only/LDLR™
and ApoE”" mice, features that characterize Cpn infection or atherosclerosis may also differ,
and therefore we compared the effects of the bacterium in these mouse strains. In our infection
model the successful infection was demonstrated by detecting Cpn-specific IgG, IgA and IgM
antibodies in the mice throughout the course of the experiment and at the time of sacrifice.
When IgG antibody level was compared in  ApoB100only/LDLR”  and
ApoE~ mice, no significant difference was observed. Nazzal et al. [150] reported that ApoE"
mice produced more Cpn-specific antibodies than wild-type mice which was attributed to ApoE
deficiency. Our results do not support this suggestion considering that in ApoB100only/LDLR"
" mice repeated Cpn infection led to high level of antibody production without the contribution
of ApoE deficiency.

Not only antibody response was the sign of infection, but we were able to detect
metabolically active Cpn in the aorta samples for nine weeks after the first infection. Previous
studies demonstrated the presence of Cpn in the aorta of repeatedly infected ApoE™ mice by
isolating the bacterium early two weeks after infection. Furthermore, bacterial DNA was
amplified by PCR at later time points [155]. As reviewed by Campbell and Rosenfeld [156]
several lines of evidence point to the ability of Cpn to establish persistent infection in vivo. Our
results provide additional information about persisting chlamydiae as 16SrRNA gene
transcripts suggest metabolically active bacteria not only persisting DNA or antigen late after
repeated infections. Long-term presence of viable chlamydia in the aorta tissues of some
infected mice might contribute to the atherogenic effect of the infection.

In female ApoE” mice we have disclosed more advanced atherosclerosis than in
ApoB100only/LDLR™ mice at the same age at the end of the 12-week observation period. Less
pronounced difference was disclosed by Powell-Braxton et al. [91]. Nevertheless, in ApoE”
mice, similarly to ApoB100only/LDLR” mice, the infection resulted in an enhanced lesion
formation without the need of feeding the mice with high-fat diet confirming the results with
ApoE" mice of Moazed et al. [153].
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It has been described that Cpn can cause hepatic fatty acid imbalance [157]
dysregulation of lipid metabolic genes in the liver [158], altered macrophage cholesterol
homeostasis [159] however, most of the studies in mice did not detect major changes in plasma
lipid profile after Cpn infection [29, 160]. Increase in triglyceride concentration after repeated
infection of ApoE”" mice similarly to our results has been noted by Rothstein et al. [142]. The
reason of increase in triglyceride level in chronic infection induced by multiple inoculations in
ApoE~’ mice may be the absence of ApoE. ApoE is known to provide protection against the
inflammation induced by bacterial lipopolysaccharide [161] and the inflammation related
change in lipid metabolism [162]. Early increase of LDL level in ApoB100only/LDLR™ mice
after primary infection may also be due to the primary infection caused inflammation [163].
Our findings are concordant with results of a study by Kontula et al [164] suggesting a
significant association between chronic infection with Cpn and increased risk of coronary heart

disease in patients with familial hypercholesterolemia.

5.2. Aim 2:

In this study, we investigated the morphological and molecular features of Chlamydia
trachomatis infection in Caco-2 human intestinal cells. We selected this cell line for our
investigation because it shows the characteristics of enterocytes, and in recent publications, the
hypothesis of chlamydial persistence in the Gl tract and the infected Gl tract behaving a source
of genital tract reinfection has been proposed [165]. Furthermore, C. trachomatis has been
implicated in Gl tract pathologies. As hBD-2 is produced by epithelial cells in the Gl tract in
response to infection as part of the innate defense [166], we tested the defensin inducing
capability of Chlamydia in Caco-2 cells.

C. trachomatis D inclusions in Caco-2 cells visualized by immunofluorescence staining
and TEM suggested similar but prolonged replication cycle of this Chlamydia strain compared
to that in HeLa cells. The slower accumulation of chlamydiae was also detectable by finding
lower amount of genomes and infective chlamydiae at 48 h post-infection in Caco-2 cells.
However, by 72 h post—infection, the values had reflected similar level of chlamydial
reproduction in the two cell lines. These results allow us to conclude that for this human genital
Chlamydia strain, Caco-2 cells provide a growth-conducive environment. In case the growth
medium of the host cells is supplemented with cycloheximide, Chlamydia replication cycle

occurs in optimal conditions, where the host cell protein synthesis has less influence on the
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bacterial growth. When cycloheximide was omitted from the medium, chlamydial genome
accumulation reached a lower level and suffered early decline in HelLa cells, but this
phenomenon was not as pronounced in Caco-2 cells. Gene expression analyses were done in
the absence of cycloheximide, when the natural cellular environment would prevail.

It has been described that chlamydial developmental cycle is regulated at transcriptional
level [8]. The change in the transcription profile has been demonstrated in in vitro models,
where different stimuli (IFN-y, penicillin) induced a persistent phase of chlamydiae. Certain
cell types proved to be non-permissive for normal Chlamydia growth, and the transcription
pattern suggested a persistent form of infection in these cells [167]. Since the growth kinetics
in Caco-2 cells was found different from that in the optimal in vitro host cell line, we aimed to
examine the expression of C. trachomatis genes in Caco-2 cells and compared it to that in HeLa
cells. The expression level of selected chlamydial genes representing early (euo), mid-cycle
(ompA, groEL, pyk) and late stage (omcB) replication cycles, and cell divisions related ftsK
gene were analyzed and was normalized to the expression level of 16S rRNA gene. As the euo
gene products were described as suppressors of the late genes [168, 169], decreased expression
of this gene could explain the higher expression level of omcB gene encoding the membrane
protein of EBs [166] in Caco-2 cells, even at later time points during the infection. As EUO
protein binding to ftsK promoter has been detected earlier [168], the persisting high level of the
cytokinesis related ftsK gene might be associated with this decreased euo expression in Caco-2
cells. Transcripts from the ftsK gene required for cytokinesis were detectable at a relatively high
level during the first day of C. trachomatis growth, when bacterial division occurs at the highest
rate. It seems that cytokinesis dropped earlier in HeLa cells than in Caco-2 cells. The expression
of the ATP synthesis related pyk gene of C. trachomatis declined in HeLa cells after 48 h. It
occurred synchronously with the decrease in the amount of the chlamydial chromosome
detected in this cell line. In concordance, longer high level of pyk expression paralleled a more
extended genome accumulation in Caco-2 cells. The tendency of the change in ompA gene
expression level was similar in both cell lines. pyk and ompA genes are regarded as genes of the
mid-cycle [8], when reticulate bodies accumulate and EBs start to be formed. The groEL gene
of C. trachomatis, a heat shock protein 60 (GroEL-1) encoding gene was highly upregulated
throughout the observation period in Caco-2 cells. A stress response related increase in the
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production of GroEL-1 has been described for C. trachomatis [170]. Our results suggest that
replication of C. trachomatis in Caco-2 cells evoked a certain stress response by the bacteria.

It has been suggested that in the male and female reproductive tracts, small antibacterial
molecules may contribute to a sustained inflammatory response [171], or they may control
inflammatory and adaptive immune response [172]. According to Niyonsaba et al. [173], hBD-
2 can be regarded as a potent chemoattractant of neutrophils. Increased hBD-2 expression could
contribute to host defence by recruiting neutrophils. The role of hBDs in the attraction of
immature dendritic cells and memory T cells to the site of microbial invasion [174] has been
described. Expression of hBD has been reported in women with C. trachomatis positive
cervicovaginal samples, albeit at a significantly lower level than in non-infected controls [175].
In our experiments with Caco-2 cell line, C. trachomatis infection induced the production of
hBD-2 at a moderate level compared to the effect of a strong inducer, the E.coli Nissle strain.
In a murine model of C. muridarum infection, oral application of the bacterium resulted in long
carriage and a lack of inflammatory response in the large intestine; however, the infection of
the genital tract was cleared after a short period and following inflammation at the infection site
[176]. The low level of hBD-2 production by the Chlamydia infected Caco-2 cell line might be
a sign of suppressed innate immune response, and potentially, a subsequently suppressed
adaptive response as well.

In conclusion, Caco-2 cell line representing the epithelial cell lining in the large intestine
seems to be a sufficiently permissive host cell for C. trachomatis, which primarily infects the
genital tract, thus allowing these bacteria to survive at this body site. Together with the low
hBD-2 inducing capacity, C. trachomatis might be able to replicate there without provoking an
inflammatory response. These results seem to support the theory that the gastrointestinal tract
could serve as a site of extra genital survival of chlamydiae, and it could potentially serve as a
source of reinfection in the genital tract, especially in women. Our data have relevance to the
published data on high co-occurrence of urogenital Chlamydia infection with anorectal
infection in women [177]. Our data are also in concordance with the previously published data

that more infected men are detected among homosexuals when rectal samples were taken [121].
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6. Summary

Chlamydiae are ubiquitous obligate intracellular bacteria causing infection in the human
eyes, urogenital and respiratory tract.

Chlamydia pneumoniae (Cpn) a common respiratory pathogen has been implicated in
the pathomechanism of several chronic non-infectious diseases. Association between
atherosclerosis and Cpn infection has been investigated most thoroughly. Hyperlipidaemia
model animals have been used to elucidate the role of Cpn infection in atherosclerosis. The
aims of this study were to investigate the proatherogenic effect of multiple Cpn infections in
ApoB100only/LDLR” mice which based on the lipid profile can be regarded as the most
suitable mouse model of human hypercholesterolemia, and to compare the lesion development
to that in a major atherosclerosis model ApoE™ mice. Aorta samples of ApoB100only/LDLR
" mice infected three times with Cpn were subjected to morphometric analyses. RT-PCR was
used for searching for viable Cpn was detected in the ascending aorta. Morphometric evaluation
disclosed that Cpn infections exacerbated atherosclerosis development in the aortic root and
descending aorta of the mice fed with normal diet but further increase in response to Cpn
infection was not observed in the mice kept on high fat-high cholesterol diet. Chlamydial
16SrRNA expression showed the presence of viable Cpn in the aorta of infected animals. A
similar rate of acceleration of atherosclerosis was observed when the infection protocol was
applied in ApoB100only/LDLR™ and in ApoE”~ mice. In conclusion, similarly to ApoE~" mice,
ApoB100only/LDLR” mice with more human relevant serum lipoprotein composition, develop
increased atherosclerosis after Cpn infections thus this mouse strain can be used as a model of
infection-related atherosclerosis enhancement and provide further evidence for the
proatherogenic influence of Cpn in mice.

C. trachomatis causes infections of the eyes, urogenital and respiratory tracts. It is the
most frequently identified sexually transmitted pathogen. Asymptomatic, repeat and chronic
infections with C. trachomatis are common in the urogenital tract potentially causing severe
reproductive pathology. Animal models of infection and epidemiological studies suggested the
gastrointestinal tract as a reservoir of chlamydiae and as a source of repeat urogenital infections.
Thus, we investigated the growth characteristics of C. trachomatis urogenital serovar D in
human intestinal epithelial Caco-2 cells and the infection induced defensin production.
Immunofluorescence staining and transmission electron microscopy showed the presence of

chlamydial inclusions in the cells. Chlamydial DNA and viable C. trachomatis were recovered
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from Caco-2 cells in similar quantity compared to that detected in the usual in vitro host cell of

this bacterium. The kinetics of expression of selected C. trachomatis genes in Caco-2 cells

indicated prolonged replication with persisting high expression level of late genes and of heat

shock protein gene groEL. Replication of C. trachomatis induced moderate level of B-defensin-

2 production by Caco-2 cells, which might contribute to avoidance of immune recognition in

the intestine. According to our results, Caco-2 cells support C. trachomatis replication,

suggesting that the gastrointestinal tract is a site of residence for these bacteria.

The following of our results are considered novel

In ApoB100only/LDLR”- mouse strain as another mouse model for lipoprotein
abnormalities, repeated Cpn infection has exacerbating effect on the formation of

atherosclerotic plaques.

The enhanced atherosclerosis development in Cpn infected ApoB100only/LDLR™-
mice was observed in normal diet-fed animals but not on high fat/high cholesterol diet.

Metabolically active Cpn was detected in the aorta samples with RT-PCR method.

Caco-2 cells provide a growth-conducive environment for the human genital C.

trachomatis strain.

Growth characteristics of C. trachomatis D in Caco-2 cells suggested prolonged
replication cycle of this Chlamydia strain compared to that in HeLa conventional host

cells.

The groEL gene of C. trachomatis, a heat shock protein 60 (GroEL-1) encoding gene
was highly upregulated throughout the observation period in Caco-2 cells which might
be a sign of stressful growth environment.

In Caco-2 cell line C. trachomatis infection induced the production of hBD-2 at a

moderate level which might be an immune evasion mechanism for the bacteria.
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7. Osszefoglalas

A chlamydidk széles korben elterjedt obligat intracelluldris baktériumok, melyek az
emberi szem, az urogenitalis és légutak fertdzését okozzak.

A Chlamydia pneumoniae (Cpn) egy gyakori 1églti patogén, szerepe szamos kronikus
nem fert6zo betegség patomechanizmusaban felmertilt. A legintenzivebben az ateroszklerosis
¢és a Cpn kozotti kapesolatot vizsgaltak. A Cpn fert6zés ateroszklerozisban betoltott szerepének
vizsgélatara hiperlipidémias allat modelleket alkalmaznak. A kisérleteink célja az volt, hogy
megvizsgaljuk a tobbszori Cpn fertézés ateroszklerozis kialakuldsara gyakorolt hatasat
ApoB100only/LDLR” egerekben, melyek a szérum lipid profiljukat illetben az emberi
familiaris  hiperkoleszterinémia legmegfelelobb modelljének tekinthetdk, ¢és hogy
osszehasonlitsuk az ateroszklerotikus 16ziok fejlédését az ApoB100only/LDLR ™ torzsben és a
leggyakrabban hasznélt ateroszklerézis modellnek szamité ApoE” egerekben. Cpn-val
haromszor fertdzott ApoB100only/LDLR™ egerek aorta mintait morfometriai analizisnek
vetettik ala. Eletképes Cpn kimutatdsa céljabol a leszalld aortdkat RT-PCR médszerrel
vizsgaltuk. A morfomertiai kiértékelés feltarta, hogy a Cpn fert6zés fokozta az ateroszklerozis
fejlodését az aortagyokben és a leszalld aortdban normal diétan tartott egerekben, de nem
okozott fokozast magas zsir/magas koleszterol tartalmu diétan tartott egerekben. A Chlamydia
16SrRNS gén expresszidjanak kimutatasaval életképes Cpn jelenlétét igazoltuk a fertdzott
egerek aortajaban. Az ateroszklerdzis fokozodasanak hasonld mértékét figyeltiik meg, amikor
osszehasonlitottuk az alkalmazott fertdzési protokoll hatasat ApoB100only/LDLR™ és ApoE™
egerekben. Kovetkeztetésképpen elmondhatjuk, hogy az ApoE”" egerekben megfigyeltekhez
hasonléan az ApoB100only/LDLR™ egerekben - melyek szérum lipoprotein Osszetételiik
tekintetében jobban hasonlitanak hiperkoleszterinémias emberekhez - fokozodott az
ateroszklerdzis fejlédése a Cpn fert6zés hatasara, ezért ez az egér torzs alkalmas modellje lehet
a fert6zéssel Osszefliggd ateroszklerosis fokozodas vizsgalatdnak é€s tovabbi bizonyitékot
szolgaltat a Cpn fert6zés proatherogén hatasara egerekben.

C. trachomatis a szem, az urogenitalis traktus és a légutak fert6zését okozza. Ez a
baktérium a leggyakrabban azonositott szexudlis uton terjedd korokozo6. A tiinetmentes,
ismétlédé és kronikus C. trachomatis fertézés gyakori az urogenitalis traktusban, és sulyos

reproduktiv betegséget okozhat. A fert6zés allat modelljei és az epidemiologiai vizsgalatok azt
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sugalljak, hogy a GI traktusban tartozkodo Chlamydia Iehet az ismételt urogenitalis fertézések
forrasa.

Ezért tanulmanyoztuk a C. trachomatis urogenitalis traktusban betegséget okozd
szerovariansanak szaporodasi tulajdonsagait a human bél epithelidlis Caco-2 sejtben, és
vizsgaltuk a sejtek fertdzés altal indukalt defenzin termelését. Az immunfluoreszcens festés és
a transzmisszios elektronmikroszkopia Chlamydia zarvanyok jelenlétét mutatta a sejtekben.
Hasonldé mennyiségben mutattunk ki Chlamydia DNS-t és életképes C. trachomatis-t Caco-2
sejtekben, mint a baktérium in vitro szaporitasara altalanosan hasznalt gazdasejtben. A
kivalasztott C. trachomatis gének kifejezdédésének kinetikaja elnyujtott szaporodasi ciklusra
utal Caco-2 sejtekben, amit a késoi gének és a hdsokk protein groEL-1 gén tartésan magas
szinten valo kifejez6dése jelez. A C. trachomatis szaporodasa alacsony szint(i $-defensin-2
termelést valtott ki Caco-2 sejtekben, ami hozzédjarulhat ahhoz, hogy a baktérium elkeriilje a
bélcsatornaban miikodé immunrendszer altali felismerést. Eredményeink szerint a Caco-2
alkalmas gazdasejt a C. trachomatis szaporodasahoz, tehat a GI traktus a C. trachomatis

baktérium tartézkodasi helye lehet.
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Aims. Hyperlipidaemia model animals have been used to elucidate the role of Chlamydia pneumoniae (Cpn) infection in atheroscle-
rosis. The aims of this study were to investigate the proatherogenic effect of multiple Cpn infections in ApoB100only/LDLR ™/~
mice which based on lipid profile can be regarded as the most suitable mouse model of human hypercholesterolemia and to
compare the lesion development to that in a major atherosclerosis model ApoE™'~ mice. Methods and Results. Aorta samples of
ApoB100only/LDLR /™ mice infected three times with Cpn were subjected to morphometric analyses. Morphometric evaluation
disclosed that Cpn infections exacerbated atherosclerosis development in the aortic root and descending aorta of the mice fed with
normal diet. Viable Cpn was detected in the ascending aorta by RT-PCR. Chlamydial 16SrRNA expression showed the presence
of viable Cpn in the aorta of infected animals. A similar rate of acceleration of atherosclerosis was observed when the infection
protocol was applied in ApoB100only/ LDLR ™/~ and in ApoE ™/~ mice. Conclusion. Similar to ApoE '~ mice, ApoB100only/ LDLR ™/~
mice with more human-relevant serum lipoprotein composition develop increased atherosclerosis after Cpn infections; thus this
mouse strain can be used as a model of infection-related atherosclerosis enhancement and can provide further evidence for the

proatherogenic influence of Cpn in mice.

1. Introduction

Atherosclerosis is one of the most frequent causes of death in
the world [1]. There are several well-known atherosclerosis
risk factors, such as diabetes mellitus, smoking, hyperten-
sion, hyperlipidaemia, hypercholesterolemia, and abdomi-
nal obesity [2, 3]. The knowledge about the contributory
mechanisms is incomplete [4]. Atherosclerosis begins in the
early childhood [5] and has been characterized as a chronic
inflammatory disease in which both innate and adaptive
immune responses play a role [6]. The damage to the endo-
thelium of the arteries is the primary cause of initiation of
the development of atherosclerosis. High plasma low-density
lipoprotein (LDL) cholesterol concentrations, especially oxi-
dized LDL, contribute to the formation of the atherosclerotic
lesions [7, 8].

Several infectious agents have been associated with the
risk of atherosclerosis [9-12]. The infections and the accom-
panying inflammatory response damage the endothelial cells
and also stimulate monocytes to secrete proinflammatory
cytokines. Numerous studies have demonstrated an associ-
ation between Chlamydia pneumoniae (Cpn) infection and
atherosclerosis [12-14]. Cpn infection is ubiquitous, with 50%
of individuals being seropositive by 20 years of age and
approximately 80% in the elderly [13, 15]. Chronic-persistent
infections and reinfections are frequent which may con-
tribute through the induced inflammation to atherosclerosis
[16]. The prevalence of antibodies ranges from 60 to 80%
among patients with cardiovascular diseases [17, 18]. Animal
models that help to clarify the pathogenic steps and causal-
ities in atherosclerosis play an important role in the current
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search for new therapeutics beyond the lipid-lowering drugs.
Normal mice do not develop atherosclerosis and it requires
long-term feeding of a high-fat diet to induce atherogenesis.
However, there are well-established genetically modified
inbred mouse lines that allow the investigation of atheroscle-
rosis development in mouse models. The most frequently
used were ApoE-deficient (ApoE/7), LDL receptor-deficient
(LDLR7), and human apoBl00 transgenic mice which
display marked atherogenesis throughout their arterial tree
especially when fed with atherogenic diet [19, 20]. In ApoE™/~
mice, atherosclerosis develops spontaneously. However, the
lipid profile in these mice is distinct from that seen in most
humans with atherosclerosis; that is, apolipoprotein (apo)
B48-containing LDL plasma level is high instead of apoB100
containing LDL level as in the case of humans with hyper-
cholesterolemia [21, 22]. The mouse strain ApoBl00only
(ApoB'®/1%)/LDLR ™/~ carries an apoB gene with a mutation
preventing the expression of apoB438, the truncated form of
apoB, similar to humans where no apoB editing takes place
in the liver [21, 23]. LDLR deficiency prevents the uptake of
apoB100 containing LDL in tissues resulting in high plasma
levels of apoB100-containing cholesterol-rich LDL. The cre-
ating authors of this mouse strain described these mice as
an authentic model of human familial hypercholesterolemia
[21].

In mice, intranasal Cpn infection causes lower respiratory
tract disease similar to that seen in humans with Cpn
infection. The infection is followed by dissemination of
bacteria [24] and the chlamydial DNA can be detected in
the circulation of mice [25]. Most frequently, acceleration
of atherosclerosis was studied after repeated Cpn infections
which simulated chronic Cpn infection of humans in asso-
ciation with diet-induced hyperlipidaemia in C57Bl/6] [26],
LDLR ™/~ [27], 0r ApoE_/ ~ [28] mice and mostly found accele-
rated lesion development. ApoB100only/LDLR ™/~ mice have
not been used as a model for the investigation of the effect of
Cpn infection on the atherosclerosis progression.

Our aim was to examine how repeated Cpn infection
influences the atherosclerotic lesion development in this,
based on lipid profile, most suitable mouse model of human
hypercholesterolemia and atherosclerosis. We compared the
extent of atherosclerosis in this model with that seen in the
most frequently utilized ApoE™/~ mouse strain.

2. Methods

2.1.  Chlamydia pneumoniae. Chlamydia pneumoniae,
CWL029 strain from American Types Culture Collection
(ATCC), was used. Cpn was propagated in HEp-2 cells
(ATCC), as described earlier [29]. The partially purified and
concentrated elementary bodies (EBs) were aliquoted in
sucrose-phosphate-glutamic acid buffer (SPG) and stored
at —80°C until use. Chlamydia was quantitated by indirect
immunofluorescent method applying anti-chlamydia lipo-
polysaccharide monoclonal antibody (AbD Serotec, Oxford,
United Kingdom) and fluorescein isothiocyanate- (FITC-)
labelled anti-mouse IgG (Sigma-Aldrich, St. Louis, MO) as
described earlier [30]. The number of infectious bacteria in
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the Cpn stock used for inoculation of mice was expressed as
inclusion-forming units (IFU)/ml.

2.2, Mouse Strains. ApoB100only/LDL™~  (B6.129S-
Ldlr™ e Apob™2%¢Y/J) mice at 8-9 or 14-15 weeks of age
and ApoE-deficient (ApoE ™", B6.129P2-Apoe™!V/]) mice
at 14-15 weeks of age were involved in our studies. B6.129S-
LdIr™ e Apob™2%¢¥ /] breeding pairs purchased from the
Jackson Laboratory (Bar Harbor, ME, USA) and B6.129P2-
Apoe™ /) breeding pairs purchased from Charles River
Laboratories (Sulzfeld, Germany) were housed and bred
under standard conditions. Considering that numerous
atherosclerosis-related studies used female mice [31-34],
furthermore it was shown that female mice of both mouse
strains develop atherosclerosis, with no gender-related
difference in ApoE~/~ mice and with less extensive lesions
in female than in male ApoBlOOonly/LDLRf/f mice [21, 23];
we chose to work with female mice which were available in
sufficient quantity in our breeding colony.

The mice were kept on normal rodent regular chow
(VRF], Altromin GmbH & Co. KG, Lage, Germany) or high-
fat/high-cholesterol diet containing 21% milkfat and 1.25%
cholesterol manufactured by Altromin GmbH & Co. KG
according to Teklad custom diet formula TD.19121, [compo-
sition, g/Kg: casein high protein 195.0, DL-methionine 3.0,
sucrose 341.46, corn starch 150.0, anhydrous milkfat 210.0,
cholesterol 12.5, cellulose (fiber) 39.0, mineral mix, AIN-76
(170915) 35.0, calcium carbonate CaCO3 4.0, vitamin mix,
Teklad (40060) 10.0, ethoxyquin (antioxidant) 0.04] for 12
weeks after the first infection. All experiments were approved
by the Animal Welfare Committee of the University of Szeged
and conform to the Directive 2010/63/EU of the European
Parliament (Permit Number: 111./2187/2015.).

2.3. Infection with Cpn. Mice were intranasally infected with
Cpn; 2 x 10° TFU of Cpn in 20 yl PBS were administered
intranasally three times with 2-week intervals under mild
anaesthesia by intraperitoneal injection of 100 mg/kg sodium
pentobarbital. One week after each infection and at the end of
the experiment at week 12, plasma samples with heparinised
capillaries (Natelson blood collecting tubes, Fisher Scientific,
Pittsburg, PA, USA) were harvested from the retroorbital
plexus under anaesthesia as described above. For RNA
detection in the aorta tissue additional groups of mice were
infected once and sacrificed 1 and 4 weeks after single
infection and 5 weeks after the third infection. The control
animals were left uninfected

2.4. Mouse Tissue Preparation and Quantification of Athero-
sclerosis. Twelve weeks after the first infection with Cpn the
mice were sacrificed. In deep pentobarbital sodium anaesthe-
sia (i.p. injection of 400 mg/kg pentobarbital sodium) hearts
and aortas were perfusion-fixed using 10% buffered formalin
administered through the left ventricle. The adequacy of
anaesthesia was assessed by pedal withdrawal reflex in hind
limbs; mice displaying no locomotor activity were processed.
After formalin-perfusion, the upper part of the heart and the
descending aorta were dissected. Aortic sinus samples were
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also collected for RNA extraction from mice anaesthetized as
described above. The basis of the heart was separated from
the aorta which was dissected until the iliac bifurcation. The
upper part of the hearts was embedded in paraffin and sec-
tioned for morphometric analyses according to the method
described by Paigen et al. [35]. From the end of the aortic
sinus 10 ym sections were prepared until the point where
the valve cusps disappeared and stained with hematoxylin
eosin. Images of aortic root sections (8 sections/mouse, every
third sections) were acquired with a light microscope (Leitz
Optical microscope) and Olympus C-7070 digital compact
camera. Percentage length of the plaque-covered perimeter
of aorta lumen and percentage of aorta lumen area occupied
by plaque were analysed with JMicroVision software. The
aortic arch and the adjoining descending aorta were cleared
from adjacent tissue and were opened longitudinally. The
aortas were laid flat on black plastic surface and pictures of
the longitudinally opened vessels were taken applying the
same illumination, magnification, and focal distance using a
CMOS camera (DCM 510; pixel size: 2.2 ym x 2.2 ym, 2592 x
1944 pixels; 5 Mpixel; Hangzhou Scopetek Opto-Electric Co.,
Ltd., Hangzhou, Zheijang, China) and the ScopePhoto soft-
ware (Hangzhou Scopetek Opto-Electric Co., Ltd.) attached
to a stereomicroscope (Alpha STO 44, Elektro-Optika Kft.,
Erd, Hungary). The digital image of the luminal surface was
evaluated for the extent of atherosclerosis by tracing and
measuring the plaque area and the total luminal surface using
JMicroVision software. The percentage of the luminal area
covered by plaque was calculated for each aorta sample.

2.5. RNA Extraction and Quantitative Real Time-PCR. Aorta
sinus with aortic arch for RNA extraction was collected from
mice (in deep pentobarbital sodium anaesthesia as described
in the previous paragraph) at the indicated time points after
Cpn inoculation for one time or three times and pools of
3 samples at each time points were snap-frozen in liquid
nitrogen. Aorta samples from noninfected mice were also
dissected parallel with the samples collected one week after
one infection.

Total RNA was isolated from the pooled aorta samples
with RNA extraction kit (Nucleospin RNA XS kit, Macherey-
Nagel GmbH, Diiren, Germany). Concentration and purity
(OD260/280) of RNA was determined by spectrophotometry.
The extracted RNA was treated with DNasel (Sigma, St.
Louis, MO, USA). Complementary DNA (cDNA) was syn-
thetized from 1ug DNase-treated RNA with qScript cDNA
Supermix synthesis kit (Quanta Biosciences, Gaithersburg,
MD, USA). RNA and cDNA were stored at —80°C until use.

By using ¢cDNA as template qRT-PCR was performed
with PerfeCTa SYBR Green Supermix (Quanta) in CFX96
Real Time C1000 Thermal Cycler (BioRad, Hercules, CA,
USA). All experiments involved control reactions containing
distilled water as template. Chlamydia 16STRNA and mouse
B-actin sequences were amplified. The sequences of primers
used for RT-PCR were the following: Cpn 16S rRNA: 5'-
GGCGAAGGCGCTTTTCTAA-3', 5-CCAGGGTATCTA-
ATCCTGTTTGCT-3' [36]; mouse B-actin: 5'-TGGAAT-
CCTGTGGCATCCATGAAA-3', 5-TAAAACGCAGCT-
CAGTAACAGTCCG-3' [37].

A BLAST search was performed to check the specificity
of the product target sequence of the primer sets. The
primers were synthesized by Integrated DNA Technologies
Inc. (Montreal, Quebec, Canada). The PCR cycles consisted
of a 3min denaturation at 95°C followed by 55 cycles each
of 10s of denaturation at 94°C, 10s of annealing at 60°C
and 10 s of extension at 72°C. The specificity of amplification
was confirmed by carrying out a melting curve analysis. The
sensitivity of amplification was controlled using standard as
described earlier [38]. Amplicon standard was generated by
amplifying Cpn cDNA with 16S rRNA primers; amplicons
were purified with the PCR Clean-Up Kit (GeneElute PCR
Clean-Up Kit, Sigma-Aldrich); the DNA concentration was
measured with NanoDrop 1000 Spectrophotometer. The copy
number was calculated using the following formula: copy
number/ul = [6.022 x 1023 (molecules/mole) x DNA con-
centration (g/ul)]/(number of bases pairs x 660 daltons); and
standard curve were generated from 10-fold serial dilutions
of the amplicon (from 1000,000 to 1 copies). qPCR analysis
of the dilution series showed that the sensitivity threshold of
our method was ten 16SrRNA copies.

2.6. ELISA for Detection of Cpn-Specific Antibodies. Plasma
samples of mice collected one week after each infection and
at the end of the experiment were tested in duplicate for Cpn-
specific IgG, IgM, and IgA by an in-house developed ELISA
test as described earlier [25], where NP-40 treated partially
purified Cpn and similarly treated Hep-2 mock preparation
were used as antigens. Briefly, NUNC Maxisorp ELISA plates
were coated with Cpn and mock antigen (0.625 ug protein in
50 ul PBS/well), respectively, overnight at 4°C. Blocking was
done with 1% skim milk in PBS with 0.05% TWEEN 20 for
1h. The serum samples were diluted in 0.4% skim milk in PBS
with 0.05% TWEEN 20.

Mouse IgG, IgM, and IgA were detected with HRP-anti-
mouse IgG (Jackson ImmunoResearch Laboratories West
Grove, PA, USA), a-mouse IgA-HRP (Sigma), and anti-
mouse IgM p-chain (ab97260, Abcam, Cambridge, UK)
secondary antibodies, respectively. Optical densities (OD-
s) detected on Cpn antigen were corrected with OD values
measured on the control antigen. Cpn-specific IgG antibody
titres were determined by testing serial 2-fold dilutions of
the serum samples on Cpn and control ELISA antigen, and
reciprocal of the dilution producing OD > 0.1 after correction
with OD values measured on control antigen was regarded as
titre. Geometric mean of titres of individual serum samples
was calculated. For determination of Cpn-specific IgM and
IgA levels serum samples were tested at 1:50 dilution and
determined as the measured and corrected OD values.

2.7. Serum Lipoprotein Analysis. Levels of total cholesterol,
triglycerides, high-density lipoprotein (HDL), and LDL-
cholesterol were determined in plasma samples of mice
through a service from the Department of Laboratory Medi-
cine, University of Szeged, Hungary.

2.8. Statistical Analysis. Data are expressed as mean + SD.
Independent-samples ¢-test was used with SigmaPlot for
Windows Version 11.0 software. A P value of less than



0.05 was considered to indicate statistically significant differ-
ence.

3. Results

3.1. Infection of ApoB100only/LDLR™~ Mice with Cpn. Mice
infected 3 times with Cpn showed mild symptoms of a disease
as ruffled fur and moderate food consumption, especially
during the first week after the first infection. At the time of
the first infection half of the mice were given a high-fat/high-
cholesterol diet the other half were kept on normal rodent
chow. Noninfected mice were kept under similar conditions.
All infected mice produced Cpn-specific antibodies which
were not seen in the noninfected mice. Normal and high-
fat/high-cholesterol diet-fed mice produced similar level of
Cpn-specific IgG antibodies (OD 0.36-0.4 at dilution 1:100).

3.2. Repeated Cpn Infection Aggravates Atherosclerosis Devel-
opment in the Aorta Sinus and in the Descending Aorta
of ApoBl00only/LDLR™'~ Mice Kept on Normal Diet. The
mice received the first Cpn infection at the age of 8-9
weeks; uninfected mice with same age served as controls.
Fed with an atherogenic diet very similar pathology was
observed in the aorta sinus of the mice that received three
chlamydia infections and in those remaining uninfected. The
quantitative evaluation did not disclose significant difference
in the length of the plaque-covered perimeter of the lumen
(Figure 1(a)) nor in the size of the plaque-occupied area in the
aorta lumen (Figure 1(b)). The aorta sections of the normal
diet-fed noninfected animals demonstrated very early-stage
and small extent of atherosclerosis with a single layer of
foam cells. However, in the aorta sections of repeatedly Cpn-
infected mice, we observed a significant increase in the length
of the plaque-covered perimeter of the lumen (P < 0.05)
(Figure 1(a)) and in the size of the plaque-occupied area in
the aorta lumen (P < 0.05) (Figure 1(b)) compared with that
in the noninfected counterpart in normal diet-fed group.

On the luminal surface of the longitudinally opened
descending aorta well discernible plaques could be observed.
Small areas corresponding to atherosclerotic alteration were
seen in the case of the aorta of the noninfected animals
fed with normal diet. The atherosclerosis-affected areas were
measured significantly larger in the descending aorta of
the infected animals. In the high-fat/high-cholesterol diet-
fed animals, significantly increased plaque-covered spots
were visible compared to that in the normal diet-fed mice;
however, the infection did not enhance the lesion formation
in this part of the aorta (Figure 1(c)).

3.3. Viable Cpn Was Detectable in the Aorta of ApoBI00only/
LDLR™'™ Mice. Figure 2(a) shows that the persistence of the
bacterium was tested early, that is, one week after the first
infection and again four weeks after single infection and
at 9-week and 12-week time points after three chlamydial
infections by RT-PCR. An equal amount of RNA purified
from pooled ascending aorta samples of mice was DNase-
treated and then reverse-transcribed and mouse f-actin as
housekeeping gene was amplified from all samples. One
and four weeks after single inoculation the expression of
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chlamydial 16STRNA was detectable (Figure 2(b)) with a ~
1000-fold lower relative expression level at four weeks than
at 1-week time point (Figure 2(c)). Five weeks after the third
infection one aorta sample of 2 showed metabolically active
Cpn in the aorta and the relative expression level was similar
to that after single infection at 4 weeks (Figure 2(c)). At later
time point, our test was not able to detect chlamydial gene
expression.

3.4. Infection of ApoBl00only/LDLR™~ and ApoE™'~ Mice
with Cpn Induces Similar Kinetics of Antibody Production.
Based on the above results, we aimed at performing a
comparative experiment by applying our infection protocol
both in ApoB100only/LDLR™/~ and in ApoE™/~ mice (14-15
weeks of age) while keeping them on a nonatherogenic diet.
The humoral immune response induced by the infections
was compared by measuring the titre of Cpn-specific IgG
antibodies (Figure 3(a)) and the level of IgM (Figure 3(b))
and IgA (Figure 3(c)) antibodies one week after all three
infections and at the end of the experiment. The level of anti-
body response did not differ significantly in the two mouse
strains. The IgA level tended to be lower in ApoE™~ mice
(Figure 3(c)); however, the difference was not significant. Two
independent experiments gave similar results.

3.5. The Extent of Atherosclerosis Is Similarly Increased in
the Aorta of Cpn-Infected and Normal Diet-Fed ApoB100only/
LDLR™'~ and ApoE™'~ Mice. In normal chow-fed ApoB100only/
LDLR ™™ mice at the age of 24-25 weeks the lesions consisted
of mainly single or multiple layers of macrophage foam
cells but some more advanced plaques with cholesterol
crystals and necrotic core were also seen. In ApoE™/~ mice
at same age more numerous advanced lesions with necrotic
core and cholesterol cleft were found. In Cpn-infected
ApoB100only/LDLR ™/~ mice larger advanced plaques and in
infected ApoE™/~ mice more plaques with necrotic core and
accumulated cholesterol crystals appeared. Representative
sections from the experimental groups are shown in Fig-
ure 4(a).

The measurements proved that in ApoE™/~ mice the
atherosclerosis was more pronounced than in ApoB100only/
LDLR™/~ mice. The difference was seen in respect of the
size of plaque-occupied lumen area in the aortic sinus
(Figure 4(b)) and the length of the plaque-covered aorta
surface in the lumen (Figure 4(c)). Lesions in the descending
aorta also were larger in ApoE ™/~ mice than in ApoB100only/
LDLR ™/~ mice (Figures 4(d) and 4(e)). When the effect of
Cpn infection was analysed, significant enhancement in the
measured values was found. The plaque-covered perimeter
of the lumen in the aorta sinus sections (Figure 4(b)), the
plaque-occupied lumen area (Figure 4(c)), and the plaque
size in the descending aorta (Figure 4(e)) increased 2.08-fold
(P = 0.035), 1.7-fold (P = 0.004), and 2.5-fold (P = 0.001),
respectively, in ApoB100only/LDLR™~ and 2.04-fold (P =
0.019), 1.32-fold (P = 0.026), and 2.56-fold (P = 0.002),
respectively, in ApoE™/~ mice.
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FIGURE 1: Morphometric analyses of atherosclerotic plaques in ApoB100only/LDLR ™/~ mice. (a) Measurements for the length of the aortic
luminal surface (perimeter) covered by plaque (PAP/AP x 100); (b) percentage of aortic lumen area occupied by plaques (PLA/LA x 100)
in 8 cross sections of aortic root from each ApoBlOOonly/LDLR'/ ~ mouse in groups kept on normal diet without Cpn infection (number
of mice (N) = 6) or infected with Cpn 3 times (N = 8) or on high-fat/high-cholesterol diet for 12 weeks without Cpn infection (N = 6)
or infected with Cpn 3 times (N = 8). Average percentage values from individual mice and mean percentages in groups are shown. PAP:
plaque-covered aorta perimeter; AP: aorta perimeter; PLA: plaque-occupied lumen area; LA: aorta lumen area. (c) Plaque size was measured
in the longitudinally opened descending aorta of each ApoB100only/LDLR ™/~ mouse in groups kept on normal or high-fat/high-cholesterol
diet for 12 weeks without Cpn infection or infected with Cpn 3 times. The percentage of total aorta area covered by plaques was calculated.
Data show the results of one of two independent experiments. For comparison of groups independent-samples ¢-test was used, P < 0.05.
ND: normal diet; HFD: high-fat/high-cholesterol diet; 3x: three intranasal Cpn infections.

3.6. Plasma Lipid Levels in ApoBl00only/LDLR™'~ and
ApoE™'~ Mice. Plasma samples of mice were tested for lipid
levels. At each tested time point irrespective of the infection
status ApoE™/~ mice carried a higher level of total choles-
terol than the ApoBlOOonly/LDLRf/ " mice (Figure 5(a)). In
the plasma of uninfected ApoB100only/LDLR™/~ mice the
triglyceride concentration was elevated compared to that in
ApoE_/ ~ mice (Figure 5(b)). Infection one or two times did
not cause increase in triglyceride level, but the third Cpn
inoculation resulted in a significant elevation (P = 0.001) in

ApoE_/ " mice. In ApoBlOOonly/LDLR_/ ~ mice no infection-
related change in triglyceride level was obvious (Figure 5(b)).
Plasma concentration of LDL was higher in ApoE™~ mice
than in ApoBlOOonly/LDLRf/ " mice (Figure 5(c)). Infection-
related significant increase in LDL level was associated
with the first infection in ApoB100only/LDLR ™/~ mice only
(P = 0.04). HDL plasma concentration was generally
higher in ApoB100only/LDLR™~ mice than in ApoE ™/~
mice and in these mice the concentration decreased by
the end of the observation period but remained high in
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FIGURE 2: Chlamydia RNA in the aorta tissues. (a) Experimental design for Cpn infection of ApoB100only/LDLR™~ mice and 16SrRNA
transcript detection in pooled aorta samples (two pools of 3 aortas from 6 mice) of one time (Ix Cpn) and 3 times (3x Cpn) Cpn-infected
and noninfected mice (“+”: aorta samples tested positive; “~”: aorta samples tested negative for expression of 16SrRNA by qRT-PCR). ((b)A)
Identification of the RT-PCR-amplified Cpn 16SrRNA cDNA in the aorta of Cpn-infected ApoB100only/LDLR ™/~ mice. Melt curves show Cpn
16SrRNA amplicons in (1) Cpn-infected McCoy cells (positive control); (2), (3) in aorta samples tested 1 week after single Cpn infection; (4) in
aorta samples 5 weeks after third Cpn infection, (5), (6) in aorta samples 4 weeks after a single Cpn infection; ((b)B) -actin amplicons in all
tested aorta samples and Cpn-infected McCoy cells. (c) Expression of Cpn 16SrTRNA normalized to the expression level of mouse f-actin at 1
week after single Cpn infection was set as 1 and relative mouse 3-actin-normalized Cpn 16STRNA expression level in all pooled aorta samples
giving positive 16SrRNA signal was calculated. The measurements were repeated two times with the same results.

ApoB100only/LDLR™~ mice (Figure 5(d)). No infection-  been suggested that Cpn infection exacerbates atheroscle-
associated change in HDL level was detected. rosis in conjunction with hyperlipidaemia; however, ApoE
deficiency might influence the immune response to this
pathogen and provides increased resistance to vascular infec-

4. Discussion
tion [41]. We aimed at examining the influence of repeated

ApoE_/ ~ mice are widely used as animal models of atheroscle- Cpn infection on the formation of atherosclerotic plaques
rosis; however, the lipoprotein metabolism of this mouse  in ApoBlOOonly/LDLR"/ ~ mouse strain another model for
strain is different from that in humans with hypercholes-  lipoprotein abnormalities which can be regarded as the most
terolemia. Ap0E7/7 mice accumulate in their plasma large faithful model of human familial hypercholesterolemia [21]
quantities of ApoB48 containing lipoprotein of the very ApoB100only/LDLR™/~ mouse strain was created by
low-density lipoprotein (VLDL) class while humans with ~ genetic modification, so that majority of their plasma choles-
atherosclerosis almost always have high level of cholesterol-  terol is in the LDL class with ApoB100 and develops athero-

rich LDL containing ApoB100 [23, 31]. Many publications  sclerosis on low-fat, chow diet. First, we wanted to establish
investigating the relation of Cpn with atherosclerosis have  that ApoB100only/LDLR™~ mice can serve as a model for
used this model to disclose the nature of the associa-  investigating the role of Cpn in atherosclerosis. Therefore
tion between infection with this pathogen and initiation  groups of mice were fed with a normal or high-fat/high-
and/or acceleration of atherosclerosis [28, 39-42]. It has  cholesterol diet and were repeatedly infected with Cpn or left
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FIGURE 3: Cpn-specific antibodies in the mice. The serum antibody levels were measured in ApoB100only/LDLR /™ and ApoE ™~ mice 1 week
after first (1x), second (2x), third (3x) Cpn infection and at the end of the experiment (week 12) by an in-house ELISA test with Cpn antigen.
(a) Geometric mean (GM) of IgG titres, reciprocal of dilutions producing OD > 0.1 is shown. (b) For detection of Cpn-specific IgM and (c)
IgA level in the sera 1:50 dilutions of serum samples (ApoB100only/ LDLR/:N =7, ApoE’/ ~ mice: N = 8) were tested with the ELISA test.

OD values and standard deviations (SD) are shown. Data represent the results of one of two independent experiments.

uninfected, and development of atherosclerosis was followed.
As our experiments showed, in ApoB100only/LDLR™/~ mice
which were fed with normal diet repeated three Cpn infec-
tions resulted in an enhanced atherosclerosis development
in the aortic sinus and the descending aorta. High-fat/high-
cholesterol diet-induced enhanced atherosclerosis was not
exacerbated by Cpn infections. Thus all further experiments
were done with mice kept on normal diet. As it is said
that Cpn acts in cooperation with hyperlipidaemia it seems
that the effect of hyperlipidaemia in ApoB100only/LDLR ™/~
mice can be aggravated by Cpn infection but Cpn does
not exacerbate atherosclerosis further in the presence of
high-fat/high-cholesterol diet [43-45]. Nevertheless, the bac-
terium influenced the course of atherosclerosis development
indicating that ApoB100only/LDLR ™/~ mice are suitable for
further research. Our results are consistent with findings
of Moazed et al. who described atherosclerosis-accelerating
effect of Cpn infection in ApoE™/~ mice eating regular chow
diet [44]. However, atherosclerosis was also exacerbated in
ApoE /" mice kept on high-fat diet by single or 3 repeated
Cpn infections [39, 46].

We hypothesized that, based on the genetic difference
between ApoB100only/LDLR ™~ and ApoE™/~ mice, features
that characterize Cpn infection or atherosclerosis may also

differ, and therefore we compared the effects of the bacterium
in these mouse strains. In our infection model the successful
infection was demonstrated by detecting Cpn-specific IgG,
IgA, and IgM antibodies in the mice throughout the course
of the experiment and at the time of sacrifice. When IgG
antibody level was compared in ApoB100only/LDLR ™~ and
ApoE ™/~ mice, no significant difference was observed. Nazzal
et al. [41] reported that ApoE_/ " mice produced more Cpn-
specific antibodies than wild-type mice which was attributed
to ApoE deficiency. Our results do not support this suggestion
considering that in ApoB100only/LDLR/~ mice repeated
Cpn infection led to high level of antibody production
without the contribution of ApoE deficiency.

Not only was antibody response the sign of infection,
but we were able to detect metabolically active Cpn in the
aorta samples for nine weeks after the first infection. Previous
studies demonstrated the presence of Cpn in the aorta of
repeatedly infected ApoE™~ mice by isolating the bacterium
early two weeks after infection. Furthermore, bacterial DNA
was amplified by PCR at later time points [47]. As reviewed by
Campbell and Rosenfeld [48] several lines of evidence point
to the ability of Cpn to establish persistent infection in vivo.
Our results provide additional information about persisting
chlamydia as 16SrRNA gene transcripts suggest metabolically
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FIGURE 4: Comparative quantitative assessment of atherosclerosis in ApoB100only/LDLR '~ and ApoE ™/~ mice. Atherosclerosis development
was assessed by histological and morphometric analyses in the aorta sinus and descending aorta of ApoB100only/LDLR ™/~ and ApoE™/~ mice
without and with 3 Cpn infections, 12 weeks after the first infection kept on normal diet. (a) Photo of representative hematoxylin and eosin-
stained cross sections of the noninfected and Cpn-infected ApoB100only/LDLR ™/~ mice and noninfected and Cpn-infected ApoE™~ mice
(scale bar: 500 ym). Arrows point to atherosclerotic lesions. (b) The percentage length of the aortic luminal surface (perimeter) covered
by atherosclerotic plaque (PAP/AP x 100); (c) percentage of aortic lumen area occupied by atherosclerotic plaques (PLA/LA x 100) in 8
sections of aortic root from noninfected (N = 6), Cpn-infected (N = 7) ApoBlOOonly/LDLR_/ ~, and noninfected (N = 6) and Cpn-infected
(N = 8) ApoE™/~ mice. Average percentage values from individual mice and mean percentages in groups are shown. (d) In situ microscopic
pictures of en face proximal aorta of noninfected and Cpn-infected ApoB100only/LDLR ™/~ and ApoE ™/~ mice, respectively. (e) Plaque size
was measured on the length of the luminal surface of the descending aorta of 6-8 mice, and the percentage of total aorta area covered by
plaques was calculated. Percentage values in individual mice and mean percentages in groups are shown. Data demonstrate the results of
one of two independent experiments. For comparison of groups independent-samples ¢-test was used, “P < 0.05. PAP: plaque-covered aorta
perimeter; AP: aorta perimeter; PLA: plaque-occupied lumen area; LA: aorta lumen area; 3x: three intranasal Cpn infections.
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FIGURE 5: Plasma lipid levels in the mice. Plasma samples of ApoB100only/LDLR ™/~ and ApoE™~ mice taken at 1 week after the first (1x),
second (2x), and third (3x) Cpn infection and at the end of the experiment (week 12) and from the noninfected control mice at the same
time points were tested for concentration of (a) total cholesterol, (b) triglyceride, (c) LDL, and (d) HDL content. Lipid concentrations are
expressed as mmol/L; mean of values measured in individual mouse sera (ApoBlOOonly/LDLRfl "~ noninfected (N = 6), Cpn-infected (N = 7),
and ApoEf/ ~ mice noninfected (N = 6), Cpn-infected (N = 8)), and standard deviations (SD) are shown; independent-samples ¢-test was
used, *P = 0.01. The figure demonstrates the results of one of two independent experiments.

active bacteria not only persisting DNA or antigen late after
repeated infections. Long-term presence of viable chlamydia
in the aorta tissues of some infected mice might contribute to
the atherogenic effect of the infection.

In female ApoE™/~ mice we have disclosed more ad-
vanced atherosclerosis than in ApoB100only/LDLR ™/~ mice
at the same age at the end of the 12-week observation
period. Less pronounced difference was disclosed by Powell-
Braxton et al. [21]. Nevertheless, in ApoE’/ ~ mice, similar
to ApoB100only/LDLR ™/~ mice, the infection resulted in an
enhanced lesion formation without the need of feeding the
mice with high-fat diet confirming the results with ApoE™/~
mice of Moazed et al. [44].

It has been described that Cpn can cause hepatic fatty
acid imbalance [49] dysregulation of lipid metabolic genes in
theliver [50] and altered macrophage cholesterol homeostasis
[51]; however, most of the studies in mice did not detect
major changes in plasma lipid profile after Cpn infection
[34, 39]. Increase in triglyceride concentration after repeated
infection of ApoE™/~ mice similarly to our results has been
noted by Rothstein et al. [33]. The reason of increase in
triglyceride level in chronic infection induced by multiple

inoculations in ApoE™~ mice may be the absence of ApoE.
ApoE is known to provide protection against the inflam-
mation induced by bacterial lipopolysaccharide [52] and the
inflammation related change in lipid metabolism [53]. Early
increase of LDL level in ApoB100only/LDLR™/~ mice after
primary infection may also be due to the primary infection
caused inflammation [54]. Our findings are concordant
with results of a study by Kontula et al. [55] suggesting a
significant association between chronic infection with Cpn
and increased risk of coronary heart disease in patients with
familial hypercholesterolemia.

5. Conclusion

In the field of infection-related exacerbation of atheroscle-
rosis, the ApoB100only/LDLR ™/~ mouse strain has not been
utilized. According to our results the infection is followed
by long-lasting vascular infection in this mouse strain con-
tributing to the potential direct effect of the infection in
the vessel wall. As ApoE deficiency may alter the immune
response against Cpn infection compared to wild-type mice,
ApoB100only/LDLR ™/~ mice might provide additional infor-
mation regarding the immune mechanisms participating in
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the Cpn induced acceleration of atherosclerosis. The results
of our experiments further support the proatherogenic role
of Cpn infection in a model of human familial hypercholes-
terolemia. As repeated Cpn inoculation is able to aggra-
vate lesion development in association with the lipoprotein
abnormalities without feeding high-fat/high-cholesterol diet
to these mice, we suggest using this mouse strain as an alter-
native model to investigate the role of infection in atheroscle-
rosis development.
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One sentence summary: Our analyses of growth characteristics of Chlamydia trachomatis in intestinal epithelial Caco-2 cells support the possibility of the
gastrointestinal tract behaving as a source of reinfection of the urogenital tract.
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ABSTRACT

Chlamydia trachomatis is an obligate intracellular bacterium causing infections of the eyes, urogenital and respiratory tracts.
Asymptomatic, repeat and chronic infections with C. trachomatis are common in the urogenital tract potentially causing
severe reproductive pathology. Animal models of infection and epidemiological studies suggested the gastrointestinal tract
as a reservoir of chlamydiae and as a source of repeat urogenital infections. Thus, we investigated the growth
characteristics of C. trachomatis in human intestinal epithelial Caco-2 cells and the infection-induced defensin production.
Immunofluorescence staining and transmission electron microscopy showed the presence of chlamydial inclusions in the
cells. Chlamydial DNA and viable C. trachomatis were recovered from Caco-2 cells in similar quantity compared to that
detected in the usual in vitro host cell of this bacterium. The kinetics of expression of selected C. trachomatis genes in Caco-2
cells indicated prolonged replication with persisting high expression level of late genes and of heat shock protein gene
groEL. Replication of C. trachomatis induced moderate level of -defensin-2 production by Caco-2 cells, which might
contribute to avoidance of immune recognition in the intestine. According to our results, Caco-2 cells support C. trachomatis
replication, suggesting that the gastrointestinal tract is a site of residence for these bacteria.

Keywords: Caco-2; Chlamydia; defensin; gastrointestinal tract; gene expression

INTRODUCTION inactive elementary bodies (EBs) or as non-infective but
metabolically active reticulate bodies (RBs; Bastidas et al. 2013).

Several publications have described a third, persistent phase
of the chlamydial developmental cycle, in which the RBs are
enlarged and pleomorphic in morphologically abnormal inclu-
sions. In persistence, chlamydiae show altered gene expres-
sion patterns (Schoborg 2011). The persistent form of Chlamy-
dia was induced by interferon-gamma (IFN-y; Kokab et al. 2010),
antibiotics (Kintner et al. 2014; Phillips-Campbell, Kintner and
Schoborg 2014), iron depletion (Maurer et al. 2007), and it could

Chlamydiae are Gram-negative bacteria, obligate, intracellular
pathogens that cause different acute and chronic human dis-
eases. Chlamydia trachomatis infects the urogenital and ocular
mucosa of humans, and it causes the most common sexu-
ally transmitted infection and trachoma as well (Mpiga and
Ravaoarinoro 2006).

Chlamydiae have a unique developmental cycle involving
two main forms. They exist as infective and metabolically
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also be induced in different cell types, e.g. in monocytes (Datta
et al. 2014).

C. trachomatis persistence has been associated with chronic
infections (Wyrick 2010).

Animal pathogenic Chlamydia species were isolated from var-
ious animals, for example, porcines, ruminants and avians, and
they were detected in different organs as well as in feces. In most
animals, chlamydiae persist in the gastrointestinal (GI) tract and
are transmitted via the fecal-oral route (Rank and Yeruva 2014).
Oral infection with C. muridarum has resulted in a long term,
persistent infection of the mouse GI tract (Igietseme, Portis and
Perry 2001). The GI tract seems to be an ideal site, in which
Chlamydia can persist because of a down regulated host immune
response. In Caco-2 cells, inclusions have indicated a substantial
growth of porcine C. pecorum and C. suis; therefore, Caco-2 cells
can be regarded as suitable hosts for animal Chlamydia (Schiller
et al. 2004).

C. trachomatis urogenital strains have been associated with
persistent or recurrent infection of the genital tract in women,
the nature of which has not been identified. It has been sug-
gested that genital tract infection can be accompanied by infec-
tion of the GI tract either via oral infection or by autoinocula-
tion from genital secretions or during sexual activity (van Liere
et al. 2014). Anorectal samples taken from both men and women
have been tested and found positive for C. trachomatis (Bax et al.
2011). Studies by Yeruva et al. have suggested that reinfection
of the genital tract may occur via contamination of the genital
tract from the infected GI tract, especially in women (Yeruva et al.
2013). Furthermore, C. trachomatis might have a role in irritable
bowel disease (IBD) as suggested by the detection of C. trachoma-
tis antigen in the intestine of IBD patients (Dlugosz et al. 2010).

Caco-2 cell line could be a suitable model for the investiga-
tion of Chlamydia infection in the human GI tract. If chlamy-
diae can persist in the GI tract, it is of relevance to examine the
growth characteristics of human Chlamydia in Caco-2 cells, and
the induced innate immune response in these cells.

In the colonic mucosa, defensins, and among them human
B-defensin (hBD)-2 represent the important effectors of the in-
nate host defenses not only by their microbicidal activity but by
providing a link to the adaptive immune system as they attract
immature dendritic cells and memory T-cells (Kim 2014).

In this study, we applied several morphological and molecu-
lar approaches to investigate the growth characteristics of C. tra-
chomatis in the intestinal epithelial cell line Caco-2, and we ex-
amined whether Chlamydia infection induce hBD-2 production
in these cells.

MATERIALS AND METHODS

Cell lines

Caco-2, HeLa 229 and McCoy cells were maintained in minimal
essential medium (MEM) with Earle’s salts completed with 10%
FBS, 2 mmol/liter L-glutamine, 1x nonessential amino acids, 25
ug/mL gentamicin and 0.5 ng/mL fungizone. The cell lines were
purchased from American Types Culture Collection (ATCC).

Bacterial strains

Chlamydia trachomatis serovar D, UW-3/CX strain from ATCC was
used, and it was propagated in McCoy cell line. The infected cells
were purified by density gradient centrifugation, as previously
described, with some modification (Sabet, Simmons and Cald-
well 1984; Burian et al. 2003).

The partially purified and concentrated EBs were aliquoted
in sucrose-phosphate-glutamic acid buffer (SPG) and stored at
-80°C until use. Infective chlamydiae were quantitated by in-
oculating 10-fold serial dilutions of the EB-containing prepa-
rations onto McCoy cells; the inclusions were detected by
indirect immunofluorescent method applying anti-Chlamydia
lipopolysaccharide (cLPS) monoclonal antibody (AbD Serotec,
Oxford, United Kingdom) and fluorescein isothiocyanate (FITC)-
labeled anti-mouse IgG (Sigma-Aldrich, St. Louis, MO, USA). The
concentration of infective EBs was expressed as inclusion form-
ing units/mL (IFU/mL).

Bacterial infection

The cells were grown in 6-well (1 x 10° cells/well), 96-well
(4 x 10* cells/well), or 24-well culture plates (2.5 x 10° cells/well)
with 13 mm glass coverslips. The plates were kept for 1 h at
room temperature (RT), and then incubated overnight in 5% CO,
atmosphere at 37°C to reach 90% confluency. The cells were
then infected with Chlamydia at a multiplicity of infection (MOI)
of 1 or 5 in complete MEM with 0.5% glucose and centrifuged
at 800 x g for 1 h RT. The medium was replaced in the wells
with a cycloheximide-containing one (1 ng/mL). Cycloheximide
was not added to the medium of cells in 6-well plates infected
for testing defensin secretion or RNA expression analyses. For
DNA quantitation, the infected cells in 96-well plates were incu-
bated in cycloheximide-containing medium or cycloheximide-
free medium. The culture plates were incubated for different
time periods in CO; incubator at 37°C.

Assessment of the infectivity of C. trachomatis D replicating
in Caco-2 or HeLa cells was done by inoculation of the infected
cell lysates onto McCoy cells in 24-well plates with glass cover-
slips. Cell lysates were prepared by scraping the infected cells
into the culture medium at each examination time point. After
two freeze-thaw cycles and sonication in water bath, the lysates
were centrifuged at 800 x g for 1 h onto McCoy cells grown in
24-well plates with 13-mm glass coverslips. After 48 h, the cells
were fixed with acetone at -20°C for 10 min.

Immunofluorescent staining of infected cells for
visualization of inclusions and quantitation of
recoverable Chlamydia

The staining of Chlamydia-infected cells on coverslips was per-
formed via using anti-cLPS and FITC-labeled anti-mouse IgG
as secondary antibody. The coverslips were treated with Evan’s
Blue at RT for 1 min. The chlamydial inclusions were pho-
tographed and counted under a fluorescent microscope.

Transmission electron microscopy

The cells were cultured in 6-well plates and infected with
Chlamydia at an MOI of 1. After 24, 48 and 72 h, the infected cells
were washed in plates with 3 mL phosphate buffered saline (PBS)
and collected after trypsin treatment. After sedimentation with
400 x g for 5 min, the cells were fixed with 2% glutaraldehyde and
1% osmium tetroxide overnight at 4°C. Samples were embedded
in Embed 812 (EMS, Hatfield, PA, USA) using a routine transmis-
sion electron microscopy (TEM) embedding protocol. Ultrathin
sections (70 nm) were cut with an Ultracut S ultra-microtome
(Leica, Vienna, Austria). After staining with uranyl acetate and
lead citrate, the sections were examined with a Philips CM10
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Table 1. Primer sequences used in qRT-PCR analysis.

C. trachomatis PCR product
target gene Sequence size (bp)
16STRNAF  5-CACAAGCAGTGGAGCATGTGGTTT-3’ 191
16SrRNAR  5’-ACTAACGATAAGGGTTGCGCTCGT-3’

euo F 5’-TCCCCGACGCTCTCCTTTCA-3’ 263
euoR 5’-CTCGTCAGGCTATCTATGTTGCT-3’

ftsKF 5" CGGAAGAAAGCAAGCGTTTC 3’ 70
ftsKR 5" GGGCTAGATACACGCATGTTTTAAC 3’

groEL F 5’-TCACTCTAGGGCCTAAAGGACG-3’ 115
groEL R 5’-TCATGTTTGTCGGCAAGCTC-3’

omcB F 5’ TGAAGCAGAGTTCGTACGCAGTG 3’ 179
omcB R 5" AACGGATCTCTGGACAAGCGCAT 3’

ompA F 5’-TCGACGGAATTC TGTGGGAAGGTT-3’ 171
ompA R 5’-TATCAGTTGTAGGCTTGGCACCCA-3’

pyk F 5’-GTTGCCAACGCCATTTACGATGGA-3’ 81
pyk R 5’-TGCATGTACAGGATGGGCTCCTAA-3’

electron microscope. Images were acquired by using Olympus
Soft Imagine Viewer program.

Chlamydial DNA quantitation

For the quantitative assessment of chlamydial replication, we
followed a direct DNA quantitation method described previously
(Eszik et al. 2016). The cells cultured in 96 or 24-well plates were
infected with Chlamydia. After 0, 24, 48 and 72 h, the infected
cells in 3 parallel wells were washed in the plates twice with 200
nL/well PBS. Then, either 100 or 625 L Milli-Q water was added
to the wells, and the plates were stored at -80°C. Two freeze-
thaw cycles were applied to free the DNA from the cells. Thor-
oughly mixed lysates were used as templates directly for quan-
titative PCR (qPCR) using SsoFast EvaGreen ®Supermix (BioRad,
Hercules, CA, USA). Pyk primers were used for the detection of
C. trachomatis D genomes (Table 1).

RNA extraction

For the analysis of gene expression, total RNA was extracted
from the infected cells in 6-well plates at 2, 24, 48 or 72 h af-
ter infection (3 parallel cultures at each time point) with GenE-
lute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich) ac-
cording to the manufacturer’s protocol. Concentration of RNA
was determined by spectrophotometry. The extracted RNA was
treated with DNase I (Sigma-Aldrich). cDNA was synthetized
from DNase-treated RNA with qScript cDNA Supermix synthesis
kit (Quanta Biosciences, Gaithersburg, MD, USA). RNA and cDNA
were stored at -80°C until use.

Quantitative RT-PCR

By using cDNA as template, quantitative real-time polymerase
chain reaction (QRT-PCR) was performed with PerfeCTa SYBR
Green Supermix (Quanta) in CFX96 Real Time C1000 Thermal
Cycler (Bio-Rad). 16S rRNA was used as the internal standard
for counting the relative expression of Chlamydia genes as this
gene was previously shown to be an accurate normalizing gene
for gene expression analysis in C. trachomatis (Borges et al. 2010).
The relative expression of euo, groEL, ftsK, omcB, ompA and pyk
transcripts of C. trachomatis was evaluated. The sequences of
all primers used for RT-PCR are shown in Table 1. All primers
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were synthetized by Integrated DNA Technologies Inc. (Mon-
treal, Quebec, Canada). The PCR cycles consisted of a 3-min de-
naturation at 95°C followed by 55 cycles of 10 s of denaturation
at 94°C; 10 s of annealing at 61.5°C for 16S rRNA, groEL, omcB,
ompA, pyk, 54°C for ftsK and 10 s of extension at 72°C. The sam-
ples were tested in triplicates, and no-template controls with
distilled water were run in each case. The melt curve analysis
was performed to prove the specificity of the amplification.
The relative gene expression levels (RQ) were given by calcu-
lating the delta-delta Ct (AACt) value. The lowest cycle number,
at which the various transcripts were detectable, referred to as
Ct, was compared with that of the 16S rRNA, and the difference
was referred to as ACt (Borges et al. 2010). The relative expression
level was given as 2—(AACt), where AACt = ACt for the experi-
mental sample minus ACt for the control sample at 2 h.

Enzyme-linked immunosorbent assay (ELISA) for
detection of hBD-2

The supernatant of the infected cells from 3 parallel wells from
24-well plates were harvested at different time points post in-
fection. For the detection of hBD-2 production, the supernatants
of the cells were tested by using hBD-2 ELISA kit (Alpha Diag-
nostic, San Antonio, TX, USA). The level of the hBD-2 (12.5-200
pg/mL detection range) was determined according to the man-
ufacturer’s instructions. The supernatant of Caco-2 cells treated
with heated (1 h, 56°C) overnight culture of Escherichia coli Nissle
1917 strain (MOI of 100), a potent inducer of HBD-2, was used as
positive control.

Statistical analysis

Data are expressed as mean =+ SD. Independent-samples t-test
was used with SigmaPlot for Windows Version 11.0 software. A
P value of less than 0.05 was considered to indicate statistically
significant difference.

RESULTS

Detection of Chlamydia growth by immunofluorescence
staining in Caco-2 and conventional host cells

After indirect immunofluorescence staining with anti-cLPS anti-
body, inclusions of C. trachomatis were seen in Caco-2 and Hela
cells. The detection of the inclusions suggested ongoing repli-
cation in both cell types; however, the morphology of the in-
clusions demonstrated different growth kinetics in the different
cell types. C. trachomatis D formed compact inclusions in Caco-
2 cells with cLPS appearing in the cell membrane (Fig. 1A), and
HelLa cells showed inclusions with dense core and expanding
cLPS signal at 24 h post-infection (Fig. 1B); at 48 h in Caco-2 cells
(Fig. 1C), the inclusions grew larger but in the permissive Hela
cells expanding fluorescing areas had shown the final stage of
replication cycle by this time (Fig. 1D).

Transmission electron microscopy of
Chlamydia-infected Caco-2 and conventional host cells

With TEM, C. trachomatis D inclusions were observed both in
Caco-2 (Fig. 2A, B) and Hela (Fig. 2C, D) cells. The developmen-
tal stage of the bacteria in the inclusions at 48 h post-infection
was rather heterogeneous in Caco-2 cells; however, in HeLa cells
fully developed inclusions with numerous EBs were seen.
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Figure 1. Immunofluorescence-stained inclusions of C. trachomatis D in Caco-2 and HeLa cells. The cells were grown on 13-mm coverslips, and the monolayers were
infected at an MOI of 1. Chlamydia trachomatis D-infected Caco-2 cells were incubated for 24 h (A) or for 48 h (C), and C. trachomatis-infected HeLa cells were incubated
for 24 h (B) and for 48 h (D). After the indicated times, the cells were stained by indirect immunofluorescence using anti-cLPS antibody and FITC-labeled anti-mouse
1gG secondary antibody. Pictures were acquired by a digital camera attached to a fluorescence microscope using 625-fold magnification.

Figure 2. TEM images of C. trachomatis D inclusions in infected cells. Cells grown in 6-well plates were infected with chlamydiae at an MOI of 1. At the indicated time
points after infection, the cells were fixed and processed for electron microscopy. Chlamydial inclusions in (A, B) C. trachomatis serovar D-infected Caco-2 cells 48 h
post-infection; (C, D) C. trachomatis D-infected HeLa cells 48 h post-infection. Magnification is shown by the scale bars.
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Figure 3. Analysis of C. trachomatis D growth based on the quantitation of chlamydial DNA by qPCR in Chlamydia-infected cells. Caco-2 and HeLa cells were infected in
96-well plates at an MOI of 5 in a medium with cycloheximide or without cycloheximide; direct detection of Chlamydia genes in the lysate of infected cells was done
at 0, 24, 48 and 72 h post-infection. Increase in the quantity of chlamydial DNA was compared to the quantities detected at 0 h of infection. (A) Increase in the amount
of C. trachomatis D pyk gene in the presence of cycloheximide, and (B) in the absence of cycloheximide. The mean of fold change in 3 parallel cultures and SD is shown.
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The data represent the results of one of three independent experiments.

Chlamydia genome accumulation in Caco-2 and
conventional host cells

The quantitative features of Chlamydia replication in the intesti-
nal epithelial cells in comparison with that in conventional host
cells were investigated with a novel DNA quantitation method
(Eszik et al. 2016). We followed the accumulation of Chlamydia
genomes during a 3-day culture period in Caco-2 and in HelLa
cells. The lysates of infected cells were used as templates, and
the quantity of chlamydial genomes was estimated with qPCR at
different time points after infection. Fold increase in the amount
of pyk gene of C. trachomatis was calculated in comparison with
the amount detected at 0 h of infection. C. trachomatis growth
seemed unrestricted in Caco-2 cells, Chlamydia genomes prop-
agated to similar amount by 72 h as in Hela cells (Fig. 3A). As
suggested by the microscopic findings, the kinetics of replica-
tion followed a slower course in Caco-2 cells. In cycloheximide-
free conditions, the yield was lower in Caco-2 cells and in HeLa
cells too (Fig. 3B). In HelLa cells the replication peaked at 48 h
and declined thereafter; the latter was not seen in Caco-2 cells.
In Caco-2 cells, the effect of cycloheximide did not cause any
major change in the course of the replication opposite to that in
HelLa cells.

Production of infective Chlamydia progeny in Caco-2
and conventional host cells

In order to see whether the production of infective chlamydiae
paralleled DNA accumulation, the infected cells were collected
together with their supernatant, and the recoverable viable C.
trachomatis bacteria were quantitated by inoculation of the son-
icated cells in their media onto McCoy cells. Infective chlamy-
diae were recoverable showing that a full replication cycle takes
place in Caco-2 cell line. The growth of C. trachomatis was some-
what delayed in Caco-2 cells, but at 72 h post-infection, similar
amount of C. trachomatis was cultured from Caco-2 cells to that
from HelLa cells (Fig. 4).

Transcript patterns for selected Chlamydia genes during
infection of Caco-2 and conventional host cells

As the kinetics of C. trachomatis replication exhibited difference
in Caco-2 cells compared to that in HeLa cells, we investigated
the expression of selected Chlamydia genes during a 3-day pe-
riod. Intrinsic characteristics of the intestinal epithelial cells as
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Figure 4. Kinetics of replication of C. trachomatis D in Caco-2 cells and in the con-
ventional host cells as assayed by quantitation of recoverable infective bacteria.
Lysates of C. trachomatis-infected (MOI 5) Caco-2 and HelLa cells in their super-
natants were collected at different time points after infection, and they were
inoculated onto McCoy cells grown on cover slips. After 48 h incubation, the in-
clusions were visualized by immunofluorescence staining. The mean of titers
expressed as IFU/mL in 3 parallel cultures and SDs are shown. The single aster-
isk (*) shows statistically significant differences between IFU values in the same
cell type at different time points; the double asterisk (**) indicates statistically
significant difference between values measured in supernatants of different cell
types: P < 0.05. The data represent the results of one of three independent ex-
periments.

growth environment could be reflected in a change of gene ex-
pression pattern of chlamydiae. The relative gene expression
levels normalized to 16S rRNA expression are shown in Fig 5. At
24 h post-infection, the earliest time point evaluated, the rela-
tive expression of the early cluster gene euo (Fig. 5A) was at much
lower level in HeLa cells than in Caco-2 cells, and it increased at
later time points, when the replication was already at lower rate.
After 24 h, euo expression level moved to the opposite direction
in Caco-2 cells in parallel with the continued replication.

The relative expression of pyk, ompA, ftsK and omcB (Fig. 5)
genes of C. trachomatis D followed similar trends in both exam-
ined cell lines, but the relative expression persisted at higher
levels in Caco-2 cells than in HelLa cells. After 24 h, the level
of pyk gene expression decreased gradually over time at simi-
lar rates (Fig. 5B) in both examined cell lines. The highest level of
ompA gene expression was observed at 24 h and persisted at high
level for a longer time in Caco-2 than in HeLa cells (Fig. 5E). The
highest level of ftsK gene expression was observed at 24 h after
infection, at the time of frequent cytokinesis, and it remained
at high level in Caco-2 cells at later time points too (Fig. 5D).
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Figure 5. The time course of relative expression of different C. trachomatis D genes in Caco-2 cells and in conventional permissive HeLa cells. cDNA was prepared from
Caco-2 and Hela cells at different time points (24, 48 and 72 h) after infection with C. trachomatis D at an MOI of 5 in 6-well plates in a medium without cycloheximide.
Real time qRT-PCR for quantitation of relative expression of (A) euo, (B) pyk, (C) groEL, (D) ftsK, (E) ompA and (F) omcB genes was performed; the expression levels were
normalized to 16S rRNA gene expression. The fold change in relative expression levels is shown (RQ). The data represent the mean values and SD measured in three
parallel samples of one of two independent experiments. (G) Calculated ratios of relative gene expression values detected in Caco-2 cells versus in HeLa cells are
shown. A bar indicating the color scale for calculated differences is given: boxes with different shades of red through white color denote increased expression; green

colored boxes denote decreased expression.

The expression of the late gene omcB peaked at 48 h post-
infection with again a higher level in Caco-2 cells than in HeLa
cells (Fig. 5F).

Constantly, high relative amount of groEL transcripts was ob-
served in Caco-2 cells, including the earliest time point tested
at 24 h (Fig. 5C). An increased relative high rate of expression of
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groEL gene occurred only from 48 h post-infection in HeLa cells.
Further analysis and summary of the above data are shown in
Fig. 5G on the ratios of gene expression values seen in Caco-2
cells versus that in HeLa cells. These data demonstrate the de-
layed and prolonged replication cycle in Caco-2 cells with higher
euo expression at early time point (24 h) and decreased euo
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Figure 6. hBD-2 production by Caco-2 cells in response to Chlamydia infection.
The supernatants of non-infected cells (g) and the cells infected with C. trachoma-
tis D (Ctr D) at an MOI of 5 or treated with heat-treated E. coli Nissle strain in
24-well plates were harvested at different time points post-infection. For the de-
tection of hBD-2 production, the supernatants of the cells were tested by hBD-2
specific ELISA. The mean concentration values in three parallel cultures and SDs
are shown. The asterisk (*) shows statistically significant differences between
values measured in the supernatant of Chlamydia-infected cells and values mea-
sured in supernatants of E. coli Nissle-treated cells; P < 0.05.

expression at late time point (72 h), with higher cytokinesis re-
lated (ftsK) and membrane protein gene (ompA, omcB) expres-
sions at later time points in Caco-2 cells. An outstanding groEL
gene transcription, especially at 24 h post-infection in Caco-2
cells, is detectable.

HBD-2 inducing capability of C. trachomatis in Caco-2
cells

Since Caco-2 cells are intestinal mucosal epithelial cells, and
this cell type has an important role as a physiological barrier
for pathogens in the colon, and hBD-2 is induced by microbial
molecules, it was investigated whether C. trachomatis was able
to induce production of this antimicrobial peptide by Caco-2
cells. By hBD-2 ELISA, hBD-2 protein was detectable in high lev-
els in the supernatant of Nissle-stimulated control Caco-2 cul-
tures with a peak at 48 h post-treatment (Fig. 6). C. trachomatis
D-infected cells showed similar time course of hBD-2 release,
however at a significantly lower level than in the case of stimu-
lation with E. coli Nissle.

DISCUSSION

In this study, we investigated the morphological and molec-
ular features of C. trachomatis infection in Caco-2 human in-
testinal cells. We selected this cell line for our investigation
because it shows the characteristics of enterocytes, and in re-
cent publications, the hypothesis of chlamydial persistence in
the GI tract and the infected GI tract behaving as a source
of genital tract reinfection has been proposed (Bavoil et al.
2017). Furthermore, C. trachomatis has been implicated in GI
tract pathologies. As hBD-2 is produced by epithelial cells in
the GI tract in response to infection as part of the innate de-
fense (Cobo and Chadee 2013), we tested the defensin inducing
capability of Chlamydia in Caco-2 cells.

C. trachomatis D inclusions in Caco-2 cells visualized by im-
munofluorescence staining and TEM suggested similar but pro-
longed replication cycle of this Chlamydia strain compared to
that in HeLa cells. The slower accumulation of chlamydiae was
also detectable by finding lower amount of genomes and in-

Lantosetal. | 7

fective chlamydiae at 48 h post-infection in Caco-2 cells. How-
ever, by 72 h post-infection, the values had reflected similar
level of chlamydial reproduction in the two cell lines. These re-
sults allow us to conclude that for this human genital Chlamydia
strain, Caco-2 cells provide a growth-conducive environment. In
case, the growth medium of the host cells is supplemented with
cycloheximide, Chlamydia replication cycle occurs in optimal
conditions, where the host cell protein synthesis has less influ-
ence on the bacterial growth. When cycloheximide was omitted
from the medium, chlamydial genome accumulation reached a
lower level and suffered early decline in HeLa cells, but this phe-
nomenon was not as pronounced in Caco-2 cells. Gene expres-
sion analyses were done in the absence of cycloheximide, when
the natural cellular environment would prevail.

It has been described that chlamydial developmental cycle
is regulated at transcriptional level (Nicholson et al. 2003). The
change in the transcription profile has been demonstrated in in
vitro models, where different stimuli (IFN-y, penicillin) induced
a persistent phase of chlamydiae. Certain cell types proved to be
non-permissive for normal Chlamydia growth, and the transcrip-
tion pattern suggested a persistent form of infection in these
cells (Gérard et al. 1998). Since the growth kinetics in Caco-2 cells
was found different from thatin the optimal in vitro host cell line,
we aimed to examine the expression of C. trachomatis genes in
Caco-2 cells and compared it to that in HelLa cells. The expres-
sion level of selected chlamydial genes representing early (euo),
mid-cycle (ompA, groEL, pyk) and late stage (omcB) replication cy-
cles, and cell division related ftsK gene were analyzed and was
normalized to the expression level of 16S rRNA gene. As the eou
gene products were described as suppressors of the late genes
(Rosario and Tan 2012; Rosario, Hanson and Tan 2014), decreased
expression of this gene could explain the higher expression level
of omcB gene encoding the membrane protein of EBs (Cobo and
Chadee 2013) in Caco-2 cells, even at later time points during the
infection. As EUO protein binding to ftsK promoter has been de-
tected earlier (Rosario and Tan 2012), the persisting high level of
the cytokinesis related ftsK gene might be associated with this
decreased euo expression in Caco-2 cells. Transcripts from the
ftsK gene required for cytokinesis were detectable at a relatively
high level during the first day of C. trachomatis growth, when bac-
terial division occurs at the highest rate. It seems that cytokine-
sis dropped earlier in HeLa cells than in Caco-2 cells. The ex-
pression of the ATP synthesis-related pyk gene of C. trachomatis
declined in HeLa cells after 48 h. It occurred synchronously with
the decrease in the amount of the chlamydial chromosome de-
tected in this cell line. In concordance, longer high level of pyk
expression paralleled a more extended genome accumulation in
Caco-2 cells. The tendency of the change in ompA gene expres-
sion level was similar in both cell lines. pyk and ompA genes are
regarded as genes of the mid-cycle (Nicholson et al. 2003), when
RBs accumulate and EBs start to be formed. The groEL gene of C.
trachomatis, a heat shock protein 60 (GroEL-1) encoding gene was
highly upregulated throughout the observation period in Caco-
2 cells. A stress response related increase in the production of
GroEL-1 has been described for C. trachomatis (Gérard et al. 2004).
Our results suggest that replication of C. trachomatis in Caco-2
cells evoked a certain stress response by the bacteria.

It has been suggested that in the male and female repro-
ductive tracts, small antibacterial molecules may contribute to
a sustained inflammatory response (Redgrove and McLaugh-
lin 2014), or they may control inflammatory and adaptive im-
mune response (Hemshekhar, Anaparti and Mookherjee 2016).
According to Niyonsaba et al. (Niyonsaba, Ogawa and Nagaoka
2004), hBD-2 can be regarded as a potent chemoattractant of
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neutrophils. Increased hBD-2 expression could contribute to
host defense by recruiting neutrophils. The role of hBDs in the
attraction of immature dendritic cells and memory T cells to the
site of microbial invasion (Yang et al. 1999) has been described.
Expression of hBD has been reported in women with C. trachoma-
tis positive cervicovaginal samples, albeit at a significantly lower
level than in non-infected controls (Noda-Nicolau et al. 2017). In
our experiments with Caco-2 cell line, C. trachomatis infection
induced the production of hBD-2 at a moderate level compared
to the effect of a strong inducer, the E. coli Nissle strain. In a
murine model of C. muridarum infection, oral application of the
bacterium resulted in long carriage and a lack of inflammatory
response in the large intestine; however, the infection of the gen-
ital tract was cleared after a short period and following inflam-
mation at the infection site (Igietseme, Portis and Perry 2001).
The low level of hBD-2 production by the Chlamydia-infected
Caco-2 cell line might be a sign of suppressed innate immune
response, and potentially, a subsequently suppressed adaptive
response as well.

In conclusion, Caco-2 cell line representing the epithelial cell
lining in the large intestine seems to be a sufficiently permissive
host cell for C. trachomatis, which primarily infects the genital
tract, thus allowing these bacteria to survive at this body site.
Together with the low hBD-2 inducing capacity, C. trachomatis
might be able to replicate there without provoking an inflam-
matory response. These results seem to support the theory that
the GI tract could serve as a site of extra genital survival of
chlamydiae, and it could potentially serve as a source of rein-
fection in the genital tract, especially in women. Our data have
relevance to the published data on high co-occurrence of uro-
genital Chlamydia infection with anorectal infection in women
(van Liere et al. 2014). Our data are also in concordance with the
previously published data that more infected men are detected
among homosexuals when rectal samples were taken (Bax et al.
2011).

Conflicts of interest. None declared.
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