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1. Introduction 
 

1.1. General characteristics of chlamydia infections 

Chlamydiae are Gram-negative, obligate intracellular bacteria with biphasic 

developmental cycle which can infect wide range of host species from amoebae to humans. The 

genus Chlamydia currently contains nine species; however, three species (Chlamydia psittaci, 

Chlamydia trachomatis, and Chlamydia pneumoniae) have clinical relevance regarding human 

infections.  

Chlamydia psittaci (C. psittaci) can infect birds, ruminants, and humans and is 

implicated in the so-called psittacosis, appearing as mild or severe pneumonia in humans. C. 

trachomatis serovars A, B, Ba, and C cause trachoma, a leading cause of blindness worldwide 

while LGV biovar, serovars L1-3 are associated with the sexually transmitted 

lymphogranuloma venereum disease. Moreover, C. trachomatis serovars D-K also infect 

humans and cause urogenital tract infections, such as urethritis, epididymitis, or pelvic 

inflammatory disease, and with its chronic characteristic, they trigger fibrosis and scarring of 

the genital tract in women, resulting in infertility and ectopic pregnancy as well. 

C. pneumoniae replicates in respiratory epithelial cells, and is responsible for 

community-acquired atypical pneumonia, bronchitis, pharyngitis, and sinusitis and is 

implicated in the development of severe asthma and acute exacerbations [1,2]. C. pneumoniae 

accounts for not only for acute, but also for chronic infections [3]. Thus, further investigations 

are needed that can contribute to a better understanding of the role of C. pneumoniae in chronic 

obstructive respiratory diseases or even lung cancer.  

The Chlamydiaceae have a unique biphasic lifecycle during which they appear in two 

different types of developmental form: elementary body (EB) and reticulate body (RB). The 

smaller EBs are the metabolically inactive, extracellular forms of the pathogen that can infect 

the host cells. After entering the host cells, EBs containing endosomes fuse into a vesicle called 

inclusion. As the inclusions are formed, EBs can transform into the metabolically active, larger 

form of chlamydiae, termed RB. Obviously, to maintain this developmental cycle, chlamydiae 

require ATP, host cell metabolites, and nutrients such as amino acids, glucose, or iron. Then, 

RBs undergo 8-12 rounds of cell division and asynchronously differentiate back into EBs. 

(Figure 1) 
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However, disruption of this developmental cycle can often occur. In 1961, Galasso and 

Manire revealed that C. psittaci exposed to penicillin or anti-serum C. psittaci transformed into 

a non-infectious but viable form, and when the stressors were removed, it returned to the 

infectious EB state [4]. Later, it was proved that under the effect of penicillin Chlamydia can 

transform into an enlarged, irregular form, termed an aberrant body (AB), which is in a viable 

but non-infectious state and can maintain persistent infections [5].  

Numerous studies have revealed the complexity of the chlamydial developmental cycle 

and described the main stimuli in cell cultures leading to persistence and the formation of ABs. 

The main factors are the following: (1) penicillin exposure; (2) IFN- exposure; (3) glucose, 

amino acid (mainly tryptophan), and iron deprivation; (4) chlamydiaphage infection; (5) 

exposure to cigarette smoke components; (6) co-infection with herpes simplex virus (HSV); (7) 

heat shock treatment; and (8) the presence of extracellular adenosine [6–11].  

 

 

Figure 1 The developmental cycle of chlamydiae [10] 

 

 



11 
 

1.2.  Potential anti-chlamydial mechanisms 

Chlamydia infections elicit predominantly cellular responses and trigger IFN- 

production by CD4+ and CD8+ T-cells [12–14]. IFN- activates the indolamine 2,3-dioxygenase 

(IDO) that catabolises L-tryptophan to N-formylkynurenine, resulting in the deprivation of 

tryptophan. As chlamydiae are tryptophan-auxotroph bacteria, this mechanism could lead to the 

elimination of the infectious Chlamydia or cause a persistent state [15]. In addition, IFN-

induces further genes involved in the elimination of chlamydiae. Consequently, IFN- is one 

of the major intracellular defence mechanisms that has been studied since 1963 as IFN- 

inhibited C. psittaci growth in cell cultures [16]. Furthermore, the amount of infectious C. 

psittaci also decreased in human epithelial cells exposed to IFN- and the accumulation of 

kynurenine metabolites was also observed, suggesting that IFN- enhanced IDO activity [17]. 

Similarly, this phenomenon was also detected in C. psittaci-infected human macrophages [18]. 

In the case of C. trachomatis and C. pneumoniae a restricted bacterial growth was also reported, 

due to the effect of IFN- and tryptophan depletion [19,20].   

IFN- is a pleiotropic cytokine secreted by T-lymphocytes and NK cells, and is involved 

in the regulation of host defence. A transcriptome analysis of IFN--exposed, Chlamydia-

infected murine epithelial cells revealed that IFN- significantly enhanced the expression of T-

cell chemokines, MIG/ CXCL-9, IP-10/ CXCL-10, I-TAC/CXCL-11, and increased the 

expression level of genes involved in the attraction or activation of neutrophils and monocytes 

such as MCP1, MCP-3, and IL-6 [21]. Another study demonstrated that MIG/CXCL-9 inhibited 

C. pneumoniae growth in vitro and in mice, the production of MIG/CXCL-9 was detected at 

gene expression and protein levels as well, and correlated with IFN- production [22]. In 

addition, IFN- is capable of inducing antimicrobial GTPases and iNOS, thus contributing to 

further anti-chlamydial mechanisms [21,23–25]. Upon IFN- exposure, several key biological 

processes are modulated in cells infected with chlamydiae, and a range of host defence or 

metabolic genes are up- or downregulated, as summarized in Figure 2 [25].  

IDO activity can be triggered by various factors such as IL-10, TNF-, IFN- or 

oxidative stress and it plays a pivotal role in eliminating viral or bacterial infections [26]. On 

the other hand, IDO activity can be a burden in several cancer types, especially in non-small 

cell lung cancer (NSCLC) it was observed to cause metabolic vulnerabilities, distinct metabolic 
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profile, and therapeutic resistance to immunotherapies; thus, IDO is also considered to be a 

biomarker in cancer [27].  

C. pneumoniae lung infection in mice is characterized by neutrophil influx and 

lymphocyte infiltration; however, the role of neutrophil granulocytes in C. pneumoniae 

infection remains unclear [28]. It is well-established that IL-23, a member of the IL-12 family, 

promotes the secretion of IL-17A and IL-17F, resulting in neutrophilic inflammation and 

neutrophil-derived pro-inflammatory cytokine production [29]. The IL-17/IL17R axis activity 

can modulate the host susceptibility to Chlamydia infection in mice [30]. Moreover, a previous 

study demonstrated that the neutralization of IL-17A in C. pneumoniae infected mice resulted 

in a higher level of bacterial load, decreased neutrophil influx, and diminished cytokine levels, 

suggesting that IL-17A could provoke anti-chlamydial activity indirectly through initiating 

neutrophilic inflammation [31].  

Although there are many unanswered questions in the elimination of Chlamydia in vitro 

and in vivo, the above-described mechanisms are investigated in Chlamydia infections to 

identify novel triggers of cytokine production, IDO activity, or chemokine expression, as well 

as to unveil further associations with the potential to inhibit Chlamydia growth.  
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Figure 2. The model of Chlamydia evasion of antimicrobial activity under IFN- exposure 

IFN- induces indolamine 2,3-dioxygenase (IDO) resulting in the catabolism of tryptophan 

(Try) into kynurenine metabolites (K) and triggering nutritional stress to Chlamydia. In 

response to this stress, Chlamydia enters a persistence state that alters the main biological 

processes and gene expressions in the host cell to survive [25].    

1.3.  The mechanism of infection-mediated asthma with focus on C. pneumoniae 

Asthma is a chronic airway disease associated with airway remodelling, reversible 

bronchial obstruction, and airway hyperresponsiveness (AHR), with 1% to 18% of the global 

population being affected. Asthma is a population-based clinical and economic burden with a 

wide variety of disease severity from mild to severe forms: 20% of the severe cases account for 

80% of healthcare utilization [32]. Several triggers of asthma exacerbations are well-known; 

however, other factors remain elusive. Thus, unravelling the mechanisms related to asthma 

severity has clinical relevance, since approximately 15% of adult asthmatic patients remain 

uncontrolled despite their anti-inflammatory therapies [33].  

C. pneumoniae is of particular interest as it is implicated in asthma pathomechanism, 

airway remodelling, disease severity, and treatment resistance. Over the past 20 years, 
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increasing evidence have pointed to the association of C. pneumoniae infection with asthma. 

The first evidence was reported by Hahn et al. who proved that acute bronchitis, as well as 

wheezing and chronic asthma were caused by C. pneumoniae infection [34,35]. Clinical trials 

were initiated to evaluate the effect of macrolides in asthma exacerbations caused by C. 

pneumoniae, Mycoplasma pneumoniae, or both. A randomized, double-blind, placebo-

controlled study proved the beneficial effects of telithromycin treatment in patients with asthma 

exacerbations since it resulted in a significant improvement in lung function parameters [36], 

although, a recent trial of azithromycin treatment of patients with acute exacerbations of asthma 

(AZALEA) demonstrated no results of statistical or clinical significance [37].   

Evidence of the association of C. pneumoniae infection with asthma disease severity have 

accumulated since several studies reported that persistent C. pneumoniae infection contributes 

to severe, chronic asthma and is a risk factor in developing asthmatic symptoms and 

exacerbations [38–40]. However, the possible underlying mechanisms are still controversial. It 

is well-established that C. pneumoniae infects alveolar epithelial cells, macrophages, and even 

human bronchial smooth muscle cells, leading to an enhanced production of interleukin (IL)- 

1, IL-6, IL-8, and tumour necrosis factor (TNF)-, resulting in a potential bronchial 

hyperreactivity and lung remodelling. Moreover, chlamydial heat shock protein 60 (cHSP60) 

and lipopolysaccharide (LPS) can trigger inflammation in the airways [41]. Additionally, C. 

pneumoniae induces ciliostasis, leading to an altered bacterial clearance [42].  

Multiple animal model studies showed that chronic C. pneumoniae infection influences 

pro-inflammatory cytokine production, directly causes lung damage, indirectly affects allergic 

response through enhancing histidine decarboxylase (HDC) to produce histamine, and triggers 

the production of Chlamydia-specific IgE [3,41]. Horvat et al. reported that in a C. pneumoniae-

infected neonatal mouse model, mixed and modified T-cell responses are present, and 

developed the features of asthma [43]. Another study confirmed that C. pneumoniae-infected 

neonatal mice were not able to clear the infection and Chlamydia-specific IgE antibodies were 

persistent [44]. Collectively, these factors result in airway hyperresponsiveness, inflammatory 

cytokine production and altered lung immunopathology in mouse models, as summarised in 

Figure 3.  



15 
 

 

Figure 3 An overview of the role of C. pneumoniae infection in asthma pathogenesis [41]. 

Several observational studies were conducted to determine how C. pneumoniae affects 

the outcomes of asthma in humans. Fifty percent of the general population show C. pneumoniae 

IgG seropositivity at the age of 20, and this ratio is 70-80% higher at the age of 60-70. Most of 

the studies focused on the association between Chlamydia-specific serology and clinical 

evaluation of asthma; therefore, the results are highly dependent on the number of recruited 

patients, the diagnostic criteria of chronic, stable asthma, and the evaluation of the titres of C. 

pneumoniae-specific IgG, IgE, IgM, IgA, and cHSP60 antibodies [45]. Cook et al. reported 

fourfold higher levels of C. pneumoniae-specific IgG in asthmatics and found that reinfection 

and previous infection were significantly more common in patients with asthma [40].  

A significantly higher level of C. pneumoniae IgA was detected in asthmatic patients 

(52% vs. 15% of control subjects) and C. pneumoniae IgG was also elevated in asthmatics 

(18.2%), compared to that in non-asthmatic individuals (3.0%) [46]. IgA level against C. 

pneumoniae measured by microimmunfluorescence assay (MIF) was significantly higher in 

asthma and acute bronchitis, whereas cHSP60 antibodies were associated only with asthma 

[47]. Persistent IgA levels were related to respiratory dysfunction and the elevated IgA strongly 

supported the associations between chronic C. pneumoniae infection and severe asthma [48,49]. 
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Thus, higher levels of C. pneumoniae antibodies provided evidence of the role of infection in 

the outcome of asthma [50]. Of note, serological markers also determined a decline in lung 

function, reflecting an enhanced airflow limitation in C. pneumoniae-infected patients with 

asthma [51].   

However, C. pneumoniae can also affect cytokine responses in patients with asthma and 

amend therapeutic outcomes. C. pneumoniae can induce the secretion of IL-8, TNF- in 

peripheral blood mononuclear cells (PBMC), enhance the NF-B activity, and trigger IFN- 

responses in airway epithelial cells [52–54]. PBMCs obtained from asthmatic individuals and 

stimulated with C. pneumoniae showed a significant increase in IFN- IL-4, and IgE responses 

compared to mock-infected cells, suggesting that C. pneumoniae can induce allergic responses 

in asthmatics [55]. Smith-Norowitz et al. also proved that lower levels of TNF- were produced 

by the PBMCs of patients with asthma; however, this TNF- production was enhanced after 

adding ciprofloxacin, azithromycin, or doxycycline to the infected cultures [56]. The TNF--

dependent pathway contributed to increased cell proliferation in C. pneumoniae, suggesting a 

possible negative impact of C. pneumoniae infection on steroid treatment in asthmatics [57]. C. 

pneumoniae-induced IFN- responses were also higher in PBMCs of asthmatics, compared to 

healthy individuals [58].  

Taken together, C. pneumoniae affects cytokine responses in a different way in asthmatics 

compared to non-asthmatic subjects and serological evidence showed that previous or persistent 

C. pneumoniae infection leads to a decline in lung function and modulates therapeutic 

responsiveness to steroids. Consequently, we focused on the associations between C. 

pneumoniae infection, cytokine responses, and therapeutic outcomes.   

1.4. Corticosteroid treatment in patients with asthma and its association with 

respiratory infections 

Inhaled corticosteroids (ICSs) are regarded as the most effective treatment for asthma and 

chronic obstructive pulmonary disease (COPD) to reduce the risk of exacerbation and improve 

lung function, however, ICSs have been associated with an increased risk of pneumonia [59]. 

Earlier studies have provided controversial data about the potential risk of pneumonia in 

patients using ICSs and emphasise on their difference in the mechanism of action of the 

different types of corticosteroids [60,61]. It is well established that budesonide (BUD) and 
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fluticasone propionate (FP) show differences in their pharmacokinetic, physicochemical, and 

even immunosuppressive properties, which can explain their distinct effects on respiratory 

infections and exacerbations [62,63]. As ICSs may have an anti-inflammatory effect in the 

course of respiratory infections, BUD and FP were studied to determine whether they can affect 

common viral or bacterial infections associated with COPD and asthma exacerbations. Previous 

studies have revealed that BUD can inhibit rhinovirus replication, and beneficially modulate 

cytokine responses in vitro depending on the type of the infected cell [64,65]. Although both 

BUD and FP can suppress pro-inflammatory cytokine expression, BUD had a greater impact 

on antimicrobial proteins [66]. Furthermore, BUD came into focus during the SARS-CoV-2 

pandemic, and was examined in coronavirus HCoV-229E infection, where it was found to 

decrease the expression of the viral entry receptor and infection-induced cytokines, especially 

IL-6, IL-8, and IFN-, resulting in inhibited viral replication in vitro [67]. Transcription of genes 

involved in cytokine responses, particularly of RANTES and NF-κB-dependent gene 

expression, is altered more extensively by FP than BUD [68]. 

However, it remains unclear why ICSs have different effects on the immune responses to 

respiratory infections. FP has been reported to cause a tenfold more potent inhibitory effect on 

airway immune cells and pro-inflammatory cytokine production due to its prolonged presence 

in the airway mucus, as compared to BUD [69,70]. Since BUD is in conjugated form 

intracellularly and creates a depot before it is activated [71], its effect remains unexplained in 

intracellular bacterial infections. In contrast to in vitro studies, BUD attenuated pulmonary 

antibacterial host defence and increased the number of viable bacteria in mouse lungs [72].  

1.5. Steroid-resistant asthma and its associations with C. pneumoniae infection 

Approximately 5% to 10% of asthmatic patients fail to fully respond to steroid therapy, 

and these patients also show higher mortality and morbidity rates [73]. A diagnosis of steroid 

resistance is established when patients exhibit <15% improvement in the forced expiratory 

volume in one second (FEV1) during post-bronchodilator spirometry after 14 days of oral 

prednisolone therapy. Steroid resistance was first recognized in 1968 and several studies have 

since been performed in order to expand our understanding of the complex mechanisms 

resulting in steroid insensitivity [74]. Currently, there is an emerging clinical need to identify 

the factors contributing to the disease pathogenesis, as severely steroid-resistant asthmatic 

patients do not respond well to conventional therapies. A variety of factors such as infections 
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and air pollution cause changes in cytokine production at the transcriptional and protein levels, 

leading to steroid resistance [75–77]. Several studies have confirmed that infections, 

particularly early-life respiratory infections, are implicated in the pathogenesis of steroid-

resistant asthma [43,78,79]. Asthmatics with earlier C. pneumoniae infection are more likely to 

develop steroid-resistant asthma, and their positive serostatus is associated with an increased 

severity of asthma and airway neutrophilia [50,80].  

IL-10 is an anti-inflammatory cytokine produced by regulatory T cells, macrophages, and 

even dendritic cells. IL-10 plays a crucial role in maintaining lung immune responses and 

participates in asthma pathogenesis by regulating and inhibiting Th2 responses. Asthmatic 

patients exhibit diminished IL-10 levels in bronchoalveolar lavage (BAL) fluid and, to the best 

of our knowledge, there are no congruent data about the IL-10 production by the peripheral 

blood cells of these patients. In addition, IL-10 secretion by circulating cells has not been 

investigated in relation to the use of inhaled corticosteroids [81,82]. IL-10 regulates responses 

of the immune and airway cells that are infected with C. pneumoniae. A former, persistent 

infection can affect cytokine production through enhancing Toll-like receptor (TLR) signalling 

and nucleotide-binding oligomerization domain-like receptor family, pyrin domain-containing 

3 (NLRP3) activity. TLR2, 4 signalling, and NLRP3 activity have a connection with 

glucocorticoid resistance mechanisms, including changes in glucocorticoid receptor (GR) 

expressions and altered cytokine secretion [83,84]. To the best of our knowledge, no data have 

been published regarding the differences in cytokine production between asthmatics in 

association with their Chlamydia serostatus.  

TNF-α response plays a significant role in AHR via eosinophil and neutrophil attraction, 

nuclear factor kappa B (NF-κB) activation, production of adhesion molecules, and even 

myocyte proliferation [85]. All of these factors, along with immune and cytokine responses, 

can lead to the modification of GRs and changes in receptor affinity and binding capacity, 

resulting in reduced steroid responsiveness and a decline in lung function [86]. C. pneumoniae 

is able to induce TNF-α production and trigger cellular proliferation, leading to decreased 

steroid responsiveness of peripheral blood mononuclear cells (PBMCs) [57]. A previous C. 

pneumoniae infection could have a long-term effect on TNF-α response; hence, we investigated 

TNF-α secretion by PBMCs of Chlamydia-specific IgG-negative and -positive patients. 
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Matrix metalloproteinases (MMPs) and their inhibitors are involved in the changes of the 

extracellular matrix and determine airway epithelium thickness. MMP-9 has a pivotal role in 

airway remodelling and it was the first type of MMP to be investigated in asthma. Elevated 

MMP levels, particularly MMP-9, are detected in the BAL fluids and even in the sera of 

asthmatic patients [87,88]. Rödel et al. found increased MMP-1 and -3 production due to C. 

pneumoniae infection in smooth muscle cells [89]. C. pneumoniae affects MMP-9 and tissue 

inhibitor of metalloproteinase-1 (TIMP-1) production by PBMCs and weakens the impact of 

glucocorticoids on the secretion of MMPs [90]. The levels of MMP-9 inhibitor, TIMP-1, can 

be altered in asthmatics; however, the relationship with infections is not well studied. 

Corticosteroids do not normalize the elevated MMP-9 levels [91], and MMP-9 seemed to be 

differentially released in exhaled condensates from asthmatics and based on this phenomenon, 

different biological phenotypes of asthma can be determined that can help to monitor disease 

severity [92].   

Taken together, IL-10 and TNF-α cytokine production by PBMCs of steroid-sensitive and 

-resistant asthmatic patients have not been analysed without and with antigen stimulation in 

relation to their C. pneumoniae serostatus. As C. pneumoniae is involved in asthma 

exacerbation, as well as in persistent infections, it can have a momentous impact on the cytokine 

production in asthmatic patients.  
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2. Aims and objectives 
 

2.1. Effects of ICS in in vitro and in vivo C. pneumoniae infection  

To our knowledge, the consequences of ICS use in C. pneumoniae infection have not 

been investigated yet. To address the question of whether ICS use could directly or indirectly 

influence C. pneumoniae infection, we investigated the effects of FP and BUD treatment in an 

infected mouse model. We hypothesised that C. pneumoniae replication and infection-induced 

immune responses, especially anti-chlamydial IFN-, and IFN-related chemokine production, 

IFN- triggered gene expressions, could be influenced by the administration of ICSs. Since 

BUD and FP have different immunomodulatory effects, they can cause distinct alterations in 

the immune response to C. pneumoniae infection. To investigate this, we assessed the effects 

of FP and BUD on the in vitro and in vivo growth of C. pneumoniae.  

In our study, we aimed to investigate: 

 the C. pneumoniae growth after corticosteroid treatments in vitro and in vivo; 

 the effects of ICSs on potential anti-chlamydial mechanisms in vivo, including the gene 

expression of IFN-, IFN--inducible chemokines, IDO1, IDO2, and tryptophan 2,3-

dioxygenase (TDO); 

 the impact of ICSs on IFN-, MIG/CXCL-9 production at the protein level; 

 whether ICSs alter Th2 (IL-4 and IL-10) and Th17 (IL-17A) cytokine production at the protein 

level; 

 the influence of ICSs on the expressions of receptors involved in immunomodulatory functions 

(vitamin D receptor (VDR) and GR). 

 

2.2. Differences in cytokine production of PBMCs between steroid-resistant and -sensitive 

asthmatics in vitro 

We hypothesised that a previous C. pneumoniae infection can change cytokine pattern 

and have an impact on subsequent IL-10 and TNF- production with or without specific antigen 

stimulation of cells from steroid-resistant and -sensitive asthmatics. Consequently, we 

hypothesised that the determination of IL-10 responses in steroid-resistant and -sensitive 

asthmatics would disclose whether a former infection induces alterations in a different manner 

in asthma phenotypes. MMP-9 is implicated in the remodelling process of the lung and is 



21 
 

believed to be influenced by C. pneumoniae infection. As there are no data available regarding 

MMP-9 levels in steroid-sensitive and -resistant asthmatics, we intended to investigate the 

MMP-9 concentration in the patients’ sera according to their C. pneumoniae serostatus and 

steroid responsiveness. 

 

In this study our aims were as follows: 

 to define the main characteristics of steroid-resistant and -sensitive asthmatic patients, with 

regard to lung function testing, comorbidities, asthma medications and demographic data; 

 to determine the C. pneumoniae serostatus in steroid-resistant and -sensitive asthmatics; 

 to compare the IL-10 responses of PBMCs obtained from C. pneumoniae seropositive or 

seronegative steroid-resistant or -sensitive asthmatics after stimulation with C. pneumoniae or 

a polyclonal antigen; 

 to compare TNF- production of PBMCs obtained from C. pneumoniae seropositive or 

seronegative steroid-resistant or -sensitive asthmatics after stimulation with C. pneumoniae or 

a polyclonal antigen; 

 to determine the serum MMP-9 level in C. pneumoniae seropositive or seronegative steroid-

resistant or -sensitive asthmatics. 
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3. Materials and Methods 
 

3.1. In vitro study design 

A549 human airway epithelial cells (ATCC, Manassas, VA, USA) were transferred to a 

96-well plate at a density of 4×104 cells/well in 100 μL of minimal essential medium (MEM) 

with Earle’s salts supplemented with 10% heat-inactivated foetal bovine serum (FBS), 2 

mmol/L-glutamine, 1x non-essential amino acids, 4 mM HEPES and 25 μg/mL gentamycin. 

The cells were pre-treated and incubated for 24 h at 37 °C, 5% CO2 with FP (Sigma Aldrich, 

Saint Louis, MO, USA) or BUD (Sigma Aldrich) or left untreated. The highest non-toxic drug 

concentrations (FP: 3.5 x 10-4 mM, BUD: 7 x 10-4 mM) determined by the 3- (4,5-

dimethylthiazol -2yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) cytotoxicity test. After 24 

h treatment, the wells were washed twice with phosphate buffered saline (PBS) and the cells 

were infected with C. pneumoniae at a multiplicity of infection (MOI) of 0.01. The cells were 

inoculated in 0.5% (w/v) glucose medium, and centrifuged (800g, 60 min), followed by the 

addition of FP or BUD to the wells. Control infected cells were left untreated. After infection, 

the plates were incubated at 37 °C, under 5% CO2 for 48 h. Subsequently, the wells were washed 

twice with PBS and 100 L sucrose-phosphate-glutamic acid (SPG) solution was added to each 

well. The plates were subjected to two freeze–thaw cycles with a quick freezing (-80 °C, 15 

min) to obtain cell lysates, which were used directly as templates for quantitative polymerase 

chain reaction (qPCR). To evaluate C. pneumoniae propagation, direct qPCR was performed 

as described previously [93,94].  

3.2. Inoculum preparation and immunostaining 

C. pneumoniae strain CWL-029, kindly gifted by Agathe Subtil (Pasteur Institute, Paris, 

France), was propagated on HEp-2 cells as described previously [3]. The EBs were partially 

purified with concentration, and subsequently aliquoted in SPG, followed by storage at -80 °C 

until further use. Indirect immunofluorescence was performed to determine the concentration 

of infectious C. pneumoniae EBs. Serial dilutions of purified EBs were inoculated onto McCoy 

cell monolayers (ECACC, London UK). After incubation for 48 h, the infected cells were fixed 

with acetone at -20°C and stained with monoclonal anti-Chlamydia LPS antibody (AbD 

Serotec, Oxford, UK) and FITC-labelled anti-mouse IgG (Sigma, St. Louis, MO, USA). The 

number of C. pneumoniae inclusions was counted under a UV microscope and the titre was 

expressed as inclusion forming units (IFU)/mL.  
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3.3. Corticosteroid treatment in mice 

FP and BUD powder were obtained, and dimethyl sulfoxide (DMSO) was used as a 

vehicle for the drugs. Mice were exposed to nebulized BUD (40 μg, 1000 μg/kg) and FP (25 

μg, 625 μg/kg) in an inhalation chamber for 15 min once a day, as described previously [95]. 

We used BUD and FP at equivalent concentrations with the ratio FP:BUD = 1:1.6, based on 

former clinical studies [96] and the higher potency of FP [68].  

3.4. Animals and experimental design 

Female BALB/c mice (6-8-weeks-old) were obtained from Charles River Laboratories 

(Hungary). The mice were kept under standard husbandry conditions at the animal facility of 

the Department of Medical Microbiology and Immunobiology, University of Szeged. Animals 

were fed regular mouse chow and provided with water ad libitum. The mice were randomly 

divided into three groups: the control, the BUD-treated and FP-treated (n=16 in each group). 

Mice received either BUD, FP, or vehicle alone, for three days prior to infection, and then for 

seven days after infection. On day 3, the mice were sedated with intraperitoneal injection of 

sodium pentobarbital (200 μL, 7.5 mg/mL) and were infected with 5x105 IFU C. pneumoniae 

in 20 μL SPG. On day 10, i.e. seven days after infection, the mice were anaesthetised and 

sacrificed. The lungs were removed and homogenised with acid-purified sea sand (Fluka 

Chemie AG, Buchs, Switzerland) using a mortar with a pestle. One half of the homogenised 

lungs was prepared for total RNA extraction, and the other half was suspended in 1 mL SPG 

for the detection of recoverable C. pneumoniae and for cytokine measurements. The 

experiments were implemented with the approval of the Animal Welfare Committee of the 

University of Szeged, Hungary and conformed to the Directive 2010/63/EU.  

3.5. Culturing of C. pneumoniae from the lungs 

One half of the homogenised lungs was centrifuged (10 min, 400g) and serial dilutions of the 

supernatants were inoculated onto McCoy cell monolayers and centrifuged (60 min, 800g). The 

number of recoverable C. pneumoniae inclusions was determined by indirect 

immunofluorescence as described earlier, and expressed in terms of IFU/mL.  

 

3.6. mRNA extraction and cDNA synthesis  

Total RNA was extracted from the other half homogenised lung tissues of the control 

(n=12), as well as BUD- and FP-treated mice (n=12 for each group) using TRI reagent (Sigma) 
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according to the manufacturer’s protocol. Total RNA concentrations and purity were measured 

using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA, USA). First-strand 

cDNA was synthesised from 2 μg of total RNA using Maxima First Strand cDNA Synthesis 

Kit, and 20 pM random hexamer primer in 20 μL reaction buffer according to the 

manufacturer’s protocol (Thermo Fisher Scientific Inc. Waltham, MA, USA). 

3.7. qPCR validation 

qPCR was performed in a Bio-Rad CFX96 real-time system with SsoFast™ EvaGreen® 

qPCR Supermix (Bio-Rad, Hercules, CA, USA) master mix and murine specific primer pairs. 

The sequences of used murine specific primers for qPCR are shown in Table 1. Cycle threshold 

(Ct) values were calculated for -actin, IDO1, IDO2, TDO, IFN-, MIG/CXCL9, 

IP10/CXCL10, ITAC/CXCL11, VDR, and GR, and the relative gene expression levels were 

determined by the 2-(ΔΔCt) method. The relative expression level was indicated as 2−(ΔΔCt), 

where ΔΔCt = ΔCt for the experimental sample – ΔCt for the control sample. 
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Murine specific primers Sequence 

-actin sense 5′-TGGAATCCTGTGGCATCCATGAAAC-3′ 

-actin antisense 5′-TAAAACGCAGCTCAGTAACAGTCCG-3′ 

IDO1 sense 5′-GCTTCTTCCTCGTCTCTCTATTG-3′ 

IDO1 antisense 5′-TCTCCAGACTGGTAGCTATGT-3′ 

IDO2 sense 5′-CCTGGACTGCAGATTCCTAAAG-3′ 

IDO2 antisense 5′-CCAAGTTCCTGGATACCTCAAC-3′ 

TDO sense 5′-GGCATGGCTGGAAAGAACAC-3′ 

TDO antisense 5′-CTCCCTGGAGTGCACGGTAT-3′ 

IFN-sense 5′-CAAGTGGCATAGATGTGGAAGA-3′ 

IFN- antisense 5′-GCTGTTGCTGAAGAAGGTAGTA-3′ 

MIG/CXCL9 sense 5′-ACGTAGGTTTCGAGACCAGGGATT-3′ 

MIG/CXCL9 antisense 5′-CAACACCAAGTGTTCTGCCACCAA-3′ 

IP10/CXCL10 sense 5′-TGGCTAGTCCTAATTGCCCTTGGT-3′ 

IP10/CXCL10 antisense 5′-TCAGGACCATGGCTTGACCATCAT-3′ 

ITAC/CXCL11 sense 5′-TACCCGAGTAACAGCTGCGACAAA-3′ 

ITAC/CXCL11 antisense 5′-TATGAGGCGAGCTTGCTTGGATCT-3′ 

VDR sense 5′-TACACCCCCTCACTGGACATGAT-3′ 

VDR antisense 5′-CGATGACCTTTTGGATGCTGTAA-3′ 

GR sense 5′-GTTCCTAAGGAAGGTCTGAAGAG-3′ 

GR antisense 5′-CAATTCTGACTGGAGTTTCC-3′ 

 

Table 1. Murine specific primer pairs used for qPCR 
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3.8. Lung histology 

Microscopic examination of the lungs of infected control, as well as BUD- and FP-treated mice 

(n=4 from each group) was performed. After the removal of the lungs, tissues of individual 

mice were immediately placed into plastic tubes, pre-filled with 10% formalin, resulting in 1:10 

of tissue:formalin ratio. During dissection, tissue samples in the tube were cut into 1 mm slices 

and embedded into paraffin blocks. Four-micrometre sections were cut, and regular 

haematoxylin-eosin (HE) staining was performed. All tissue sections were examined by light 

microscopy. 

3.9. Preparation of the C. pneumoniae antigen 

C. pneumoniae CWL29 (ATCC, US) elementary bodies (EBs) were purified from 

infected Hep2 cells (ECACC, London, UK) by density gradient centrifugation and inactivated 

with formaldehyde treatment, as described by Penttila et al. [97]. The protein content of the 

antigen was measured by spectrophotometry, and the antigen was stored at -80 °C until use.  

3.10. Separation and stimulation of PBMCs 

PBMCs from 10 mL heparinized blood were separated using Ficoll gradient (Sigma), 5 

× 105 cells in three parallel wells were incubated in the presence of 2 μg/mL C. pneumoniae 

antigen or 10 μg/mL polyclonal mitogen (phytohemagglutinin, PHA) or left untreated in 200 

mL RPMI medium containing 10% foetal bovine serum supplemented with glutamine, non-

essential amino acids, gentamycin, and fluconazole. Supernatants of the stimulated wells were 

harvested 48 h after treatment, aliquoted, and stored at -80 °C until performing the cytokine 

ELISA. 

3.11. C. pneumoniae-specific enzyme-linked immunosorbent assay  

C. pneumoniae-specific antibodies from the patients and the controls were detected using 

the “NovaLisa TM Chlamydia pneumoniae” enzyme-linked immunosorbent assay [ELISA] kit 

(Nova Tec Immundiagnostica GmbH, Germany). Fifty-fold diluted sera were tested in duplicate 

in accordance with the manufacturer’s instructions for the presence of C. pneumoniae-specific 

IgG. 

3.12. Cytokine and chemokine measurements from the lungs, supernatants of PBMCs 

and patients’ sera 

The supernatants of homogenised lung tissues were centrifuged (12000g, 5 min) and 

ELISA for IFN-γ, IL-4, IL-10, IL17-A, MIG/CXCL-9 was performed according to the 

manufacturers’ instructions. MIG/CXCL-9 concentration was determined using a mouse 
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MIG/CXCL-9 ELISA Kit (Sigma Aldrich), and IL-17A was measured using Quantikine mouse 

IL-17 immunoassay (R&D Systems, Minneapolis, MN, USA). IFN-γ, IL-4 and IL-10 

concentrations were detected with Invitrogen mouse ELISA kits (Thermo Fisher Scientific Inc., 

Waltham, MA, USA). Sensitivity for IFN-γ, IL-4, IL-10, IL-17A and MIG/CXCL-9 

measurements ranged between 15-2000 pg/mL, 4-500 pg/mL, 32-4000 pg/mL, 10.9-700 pg/mL 

and 2.741-2000 pg/mL, respectively.  

The supernatants of the stimulated or untreated PBMCs obtained from patients, were 

centrifuged (5 min, 1200 rpm) and assayed for the concentrations of IL-10 and TNF- using 

Human Mini ELISA Development cytokine kits (PeproTech), while the quantity of MMP-9 in 

the sera was determined using the human MMP-9 ELISA kit (Sigma). The sensitivities of the 

IL-10, TNF- and MMP-9 measurements were in the range of 23 to 3000, 16 to 2000, and 8.23 

to 6000 pg/mL, respectively. The clarified supernatants and sera were tested in duplicate in 

accordance with the manufacturer’s instructions. 

3.13. Study population and participants 

Eighty adult patients with asthma were recruited from the outpatient departments and 

inpatient wards at the Department of Pulmonology (University of Szeged, Hospital of Chest 

Diseases, Deszk). The inclusion criteria included clinically stable asthma, persistent asthma 

symptoms, inhaled steroid use, absence of current exacerbation, and complete follow-up 

periods. The exclusion criteria included a history of HIV infection, current viral or bacterial 

infections, chronic immunosuppression or autoimmune disease, cancer, systemic intravenous 

corticosteroid use (in the past 30 days), and antibiotic treatment (in the past 30 days). As a 

control group, 40 non-asthmatic, healthy blood donors without obstructive lung diseases, nasal 

polyposis, allergic rhinoconjunctivitis, cancer, chronic heart disease, autoimmune diseases, and 

immunosuppression were selected. Patients’ demographic and clinical characteristics were 

recorded. To investigate cytokine production, 5 mL native and 5 mL unfractionated heparin 

anticoagulated blood samples were collected from each patient. Before collecting blood 

samples from the patients with asthma, post-bronchodilator tests were performed. After 

administering 400 μg inhaled salbutamol, dynamic lung volumes (the FEV1, forced vital 

capacity [FVC], FEV1/FVC, and forced expiratory flow at 25% to 75% of the pulmonary 

volume [FEF25/75]) were measured. Spirometry was carried out using a Carefusion 

MasterScreen Body Plethysmograph (Sentrysuite software 2.13). 
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Asthmatic and control patients were not involved in the development, implementation, and 

interpretation of the study. Our study was undertaken in accordance with the Regional Human 

Biomedical Research Ethics Committee, University of Szeged (WHO-3220, 77/2013, 

27/05/2013). Patients received written and verbal information about the purpose of blood 

sampling. All patients volunteered and their written informed consents were obtained.  

3.14. Statistical analysis 

Statistical analysis of data was performed with GraphPad Prism 8.0.1. software, using 

one-way and two-way ANOVA, and Kruskal-Wallis test. All post hoc comparisons were 

performed using Tukey’s method. Further statistical analysis of the patient data was carried out 

using SigmaPlot for Windows Version 11.0 software, using the Wilcoxon–Mann–Whitney two-

sample test. Data are expressed as mean ± standard deviation (SD). Differences at p<0.05 were 

considered statistically significant.   
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4. Results 
 

4.1. FP suppressed C. pneumoniae replication in A549 cells 

We tested C. pneumoniae-infected A549 cells to investigate whether FP or BUD 

treatment could modulate bacterial growth. As shown earlier, assessment of chlamydial genome 

concentration by direct qPCR correlated with manual fluorescent microscopic quantitation, 

wherein qPCR was used to measure the concentration of chlamydia in infected cells [93]. We 

assessed C. pneumoniae growth in FP- and BUD-treated epithelial cells based on the cycle 

threshold (Ct) values. FP treatment resulted in significantly higher Ct values, indicating 

suppressed C. pneumoniae growth, compared to that measured in BUD-treated (32.35±0.51 vs. 

30.81±0.55, p<0.01) and untreated control (32.35±0.51 vs. 31.41±0.39, p<0.01) cells. BUD 

treatment did not affect C. pneumoniae growth significantly (Figure 4). Given that our in vitro 

observations could have significant clinical relevance, we next addressed the elucidation of 

possible immunomodulatory effects of FP and BUD in mice to explore the underlying 

mechanisms.  

Control FP-treated BUD-treated
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Figure 4. C. pneumoniae growth in A549 cells treated with BUD or FP. 

A549 cells were treated with BUD or FP for 24 h before, and for 48 h after infection with C. 

pneumoniae (0.01 MOI). Growth of C. pneumoniae was estimated by direct qPCR, as described 

in the Materials and Methods section. The concentration of C. pneumoniae is shown in terms 
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of Ct value. Error bars denote the mean±SD of five parallel cultures. Asterisks indicate 

significant differences, **p<0.01, ns means not significant difference. 

4.2. FP inhibited C. pneumoniae growth in the lungs of mice 

We found that the viable number of C. pneumoniae was significantly lower in FP-treated 

mice compared to the control group (5.33×104±3.42×104 IFU/mL vs. 1.13×105±1.28×105 

IFU/mL, p<0.0001) (Figure 5). A similar trend was observed upon comparing FP-treated mice 

with BUD-treated mice (5.33×104±3.42×104 IFU/mL vs. 1.15×105±1.42×104 IFU/mL, 

p<0.001). In contrast, no inhibition was detected in BUD-treated mice compared to the control 

(Figure 5). 

 

Figure 5. Quantity of recoverable C. pneumoniae in mouse lungs.  

Supernatants of lung homogenates were cultured on McCoy cells, and the number of 

recoverable C. pneumoniae was counted by indirect immunofluorescence test after two days of 

incubation. Symbols show data from individual mice. Horizontal lines indicate mean ± SD. 

Significant differences are indicated by asterisks, ****p<0.0001. 

4.3. Effects of FP and BUD on chlamydia-infected lung tissue histopathology 

In the haematoxylin-eosin (HE)-stained mouse lung tissues, a distinctive difference in the 

general blueish appearance of the background in the control and BUD-treated specimen was 

observed, which was caused by extensive lymphoid infiltration. Even though the inflammation 

appeared diffusely, accentuated perivascular and peribronchial infiltration was observed at high 
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magnification (Figure 6A, B). Similarly, in the FP-treated mouse lung tissues, lymphocytic and 

plasmacytic infiltration was observed; centriacinar emphysema was also visible, with thin 

alveolar septa (Figure 6C).  

 

 

Figure 6. The effects of ICSs on Chlamydia-induced histopathology in BALB/c mouse lung 

tissues. 

Representative HE-stained sections of C. pneumoniae-infected, untreated (A), C. pneumoniae-

infected, BUD-treated (B), and C. pneumoniae-infected, FP treated (C) lung tissues 

(magnification 200 x).  

4.4. Effects of FP and BUD treatment on gene expressions related to IFN- and 

corticosteroid responses in C. pneumoniae infected mice 

Next, we explored whether the expression of IFN- and IFN- induced genes was altered 

in FP- and BUD-treated lung tissues, including the typical, inducible defence genes against 

chlamydia infection, such as IDO1, IDO2, MIG/CXCL9, IP-10/CXCL10 and I-TAC/CXCL11. 

qPCR using total RNA isolated from homogenised lung tissues revealed that the relative 

expression of IFN- was significantly enhanced in FP-treated mice (p<0.001) compared to 

BUD-treated and control mice, the relative expression was 12.8±5.8 vs. 0.9±0.43, and 12.8±5.8 

vs. 0.75±0.1, respectively (Figure 7A).  

Our previous studies showed that the IFN-  inducible IDO1 and IDO2 are highly 

expressed in C. pneumoniae infected mouse lungs [98]. Thus, we next investigated the effects 

of FP and BUD treatment on the expression of IFN- inducible IDO1, IDO2 and TDO involved 
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in the metabolism of amino acid tryptophan that is essential for chlamydia growth. Our results 

indicated a significantly increased IDO2 expression in the FP-treated mice, compared to the 

control and BUD-treated group (p<0.05). This phenomenon was not observed in IDO1 and 

TDO expression (Figure 7B).  

To test the consequence of increased IFN- release, we determined the relative expression 

levels of IFN- related chemokines. Unexpectedly, we found that BUD significantly decreased 

the expression of MIG/CXCL9 (p<0.05) and IP-10/CXCL10 (p<0.01), compared to untreated 

C. pneumoniae infected control mice. However, the relative expression of MIG/CXCL9 and 

IP-10/CXCL10 was not altered significantly in FP-treated mice. I-TAC/CXCL11 showed 

similar expression levels in all groups (Figure 7C).  

Further, we investigated the expression of glucocorticoid receptor (GR) and Vitamin D 

receptor (VDR) genes, as both receptors perform immunomodulatory functions [99,100]. 

Interestingly, our results demonstrated that FP treatment increased VDR expression 

significantly, compared to control and BUD-treated mice (p<0.01), whereas BUD treatment did 

not affect VDR expression. We found no statistically significant difference in GR expressions 

in C. pneumoniae-infected BUD- and FP-treated mice (Figure 7D).  
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Figure 7. Relative gene expressions in C. pneumoniae-infected and treated mouse lungs.  

Gene expression of IFN- (A), IDO1, IDO2, TDO (B), IFN- -inducible chemokines (C), VDR 

and GR (D) determined by qPCR. Relative expression was normalized to -actin gene 

expression, and calculated by the 2-(ΔΔCt) method. Significant differences are indicated with 

asterisks, *p<0.05, ** p<0.01, ***p<0.001, ns means not significant difference. 

4.5. Anti-chlamydial IFN- and MIG/CXCL9 protein production are enhanced by FP 

treatment 

As previously described, IFN- exhibits crucial anti-chlamydial activity by inducing 

chemokine production and increasing anti-chlamydial gene expression [101]. To determine 

whether ICSs altered gene expression, and influenced the levels of IFN- and related 

chemokines, we estimated IFN- and MIG/CXCL-9 protein concentrations in the supernatants 

of lung homogenates for C. pneumoniae-infected mice (Figure 8). According to our results, 

IFN- production was significantly increased after FP treatment, compared to untreated infected 
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control (4519.77±1289.08 pg/mL vs. 2060.07±995.76 pg/mL, p<0.05). BUD treatment did not 

affect IFN- production significantly compared to FP-treated or control mice. 

We examined whether MIG/CXCL9 production at the protein level was changed in 

association with alterations in IFN- production in vivo. We found that FP-treated mice showed 

a higher protein level of MIG/CXCL9, compared to that in untreated controls (4984±1137 

pg/mL vs. 1169±1178 pg/mL, p<0.01). Further, a significant increment in the level of 

MIG/CXCL9 was detected in FP-treated lung tissues, compared to the BUD-treated mouse 

lungs (4984±1137 pg/mL vs. 1370± 1509 pg/mL, p<0.01) (Figure 8).  

 

Figure 8. Effect of ICSs on IFN- and MIG/CXCL9 production in C. pneumoniae-infected 

mouse lungs.  

IFN- and MIG/CXCL9 protein concentrations were determined by ELISA in the supernatants 

of homogenised lung tissues of infected FP- and BUD-treated, and untreated mice. Data are 

shown as pg/mL. Bars denote mean±SD of each group (n=12). Significant differences are 

indicated with asterisks, *p<0.05, **p<0.01, ns means not significant difference. 

4.6. Effects of BUD and FP treatment on the secretion of Th17 and Th2 cytokines in 

C. pneumoniae-infected lung tissues 

ELISA of supernatants from control and treated lung samples was performed to elucidate 

the influence of ICS treatment on cytokine production. As previously reported by us, IL-17A 

has an indirect anti-chlamydial activity in vivo [31]. Thus, we investigated the impact of ICSs 
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on IL-17A production in infected mouse lungs (Figure 9A). We found a significantly elevated 

IL-17A level in FP-treated mouse lungs, compared to the control group (55.59±17.7 pg/mL vs. 

3.06±0.67 pg/mL, p<0.01). Although increased IL-17A production was observed in BUD-

treated mice, it did not differ significantly from the control and FP- treated mice.  

As Th2 cytokines play a pivotal role in modulating lung inflammation, we evaluated 

whether FP and BUD could affect IL-4 and IL-10 secretion in C. pneumoniae-infected mice 

(Figure 9B). Our results indicated unaltered IL-4 production, whereas IL-10 levels changed in 

a different manner. We detected a significantly higher amount of IL-10 in FP-treated lung 

tissues, but not in the BUD-treated lungs, in comparison with the untreated infected mice 

(1757.28±602.93 pg/mL vs. 739.67±19.70 pg/mL, p<0.05).  

 

 

Figure 9. Effects of BUD and FP on the secretion of IL-17A, IL-4 and IL-10 in control and 

treated mice. 

IL-17A (A), IL-4 and IL-10 (B) protein concentrations were determined by ELISA in the 

supernatants of homogenised lung tissues of infected FP- and BUD-treated, and untreated mice. 

Bars denote mean± SD of each group (n=12). *p<0.05, ns means not significant difference. 

4.7. Patient characteristics and demographics 

In our further study we aimed to investigate whether PBMCs obtained from steroid-

resistant and -sensitive patients show different cytokine production depending on the C. 

pneumoniae serostatus of asthmatic patients. Thus, 40 steroid-sensitive asthmatic patients (65% 

female, 35% male, with a mean age of 59 years) and 40 steroid-resistant asthmatic patients 
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(68% female, 32% male, with a mean age of 63 years) were enrolled. Steroid resistance was 

defined by the following criterion: Patients did not achieve >15% improvement in the FEV1 

value after 14 days of oral prednisolone (40 mg/day) therapy. In accordance with our 

expectations, the steroid-resistant group exhibited significant differences in dynamic lung 

volumes (Table 2). The steroid-resistant group had a mean FEV1 value of 56% ± 0.2%, with a 

significant difference as compared with the sensitive group with a mean FEV1 value of 72% ± 

0.22% (p=0.01). The ICSs used were budesonide/formoterol dry powder inhaler (daily doses 

ranging from 400 to 1280 µg), cyclesonide hydrofluoroalkane (HFA) (daily doses ranging from 

320 to 640 µg), fluticasone propionate/salmeterol HFA (daily doses ranging from 500 to 1000 

µg), and beclomethasone dipropionate/formoterol HFA (daily doses ranging from 400 to 1000 

µg). In the sensitive group, 50% of patients received high daily ICS doses, while in the resistant 

group, 95% of patients used high dose ICS. Steroid doses were determined according to the 

GINA guideline [73]. Further clinical characteristics of asthmatic patients are provided in Table 

2. As controls, 40 non-asthmatic, healthy blood donors were selected.  
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Steroid-sensitive 

n=40 

Steroid-resistant 

n=40 

p 

value 

Mean age (median) 59 (63) 63 (67) 0.13 

Gender 
male: 14 (35%), 

female: 26 (65%) 

male: 13 (32%), 

female: 27 (68%) 
- 

Smoking, mean py n=15 (24, 5) n=19 (31) 0.14 

Smoking status 

Never: 25 

Previously: 7 

Habitual: 8 

Never: 21 

Previously: 10 

Habitual: 9 

 

Atopic subjects (allergic rhinitis, sinusitis, 

nasal polyposis) 
n=22 (55%) n=25 (63%) - 

CHD n=2 (5%) n=17 (42%) - 

Blood eosinophilia n=11 (27%) n=17 (42%) 0.319 

FEV1 (L, %) 2.1±0.8 (72±0.2) 1.4±0.6 (56±0.2) 0.01 

FEV1 reversibility rate (mean, %) 15.2±2.6 12.6±3.3 0.41 

FVC (L, %) 3.3±1.1 (92.8±24) 2.5±0.9 (79.9±21) 0.03 

FEV1/FVC (%) 65.4±11.3 60.1±14.8 0.09 

FEF25/75 (L/s) 1.4±0.8 0.8±0.4 0.004 

BMI (kg/m
2
) 29.4±8.1 27.6±5.1 0.3 

Asthma medications 

ICS: 8 patients 

ICS/LABA:32 
patients 

SABA: 28 patients 

LTI: 20 patients 

ICS/LABA:40 
patients 

LAMA: 8 patients 

SABA: 31 patients 

LTI: 27 patients 

 

 

Table 2. Main clinical characteristics and demographic data of the steroid sensitive and steroid-

resistant patients. 

BMI, body mass index; CHD, coronary heart disease; FEF 25/75, forced expiratory flow at 25% 

to 75% of the pulmonary volume; FEV1, forced expiratory volume in 1 s; FVC, forced vital 

capacity; ICS; inhaled corticosteroid; LABA, long-acting β-agonist; LTI, leukotriene inhibitor; 

py, pack year; SABA; short-acting β-agonist. 

  



38 
 

4.8. C. pneumoniae-specific serological status of asthmatic patients 

First, we assayed the serum samples for the presence of C. pneumoniae-specific IgG to 

determine the seropositivity rate in each group. The control group representing the average 

Hungarian population exhibited a 67% seropositivity rate. Surprisingly, we observed a lower 

C. pneumoniae seropositivity rate in asthmatic patients than among the controls. In asthmatic 

patients, 42% of steroid-sensitive and 47% of steroid-resistant participants were C. pneumoniae 

IgG-positive (Figure 10). 

 

 

Figure 10. C. pneumoniae serostatus of healthy blood donors (controls) and patients with 

asthma. 

C. pneumoniae serostatus was determined by an ELISA from the native blood samples from 

controls and steroid-sensitive (SS) and steroid-resistant (SR) asthmatics (C. pneumoniae 

seropositive (Cpn+) and C. pneumoniae seronegative (Cpn–)). 

4.9. IL-10 Cytokine production in asthmatics in response to specific (C. pneumoniae) 

and nonspecific phytohemagglutinin (PHA) stimulation 

PBMCs obtained from steroid-resistant and -sensitive asthmatics were cultured with the 

C. pneumoniae antigen or phytohemagglutinin (PHA); or were untreated. Untreated PBMCs 

from C. pneumoniae seropositive, steroid-sensitive patients secreted a significantly higher 

amount of IL-10 than did those from the C. pneumoniae positive non-asthmatic blood donors 

(0.17 ± 0.06 ng/mL versus 0.03 ± 0.01 ng/mL, p = 0.04). The same tendency was observed in 

the seropositive steroid-resistant group, as their PBMCs spontaneously produced a higher 
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amount of IL-10 than did those of seropositive non-asthmatic blood donors (0.41 ± 0.07 ng/mL 

versus 0.03 ± 0.01 ng/mL, p = 0.0002) (Figure 11A).  

Moreover, significantly higher IL-10 production was detected without stimulation in C. 

pneumoniae seropositive, steroid-resistant patients than in steroid-sensitive patients (0.41 ± 

0.07 ng/mL vs. 0.17 ± 0.06 ng/mL, p = 0.002) (Figure 11A).  

Interestingly, when the PBMCs from C. pneumoniae seropositive individuals were 

cultured with C. pneumoniae antigen or PHA, no significant difference was observed between 

the asthmatic groups and the control group related to IL-10 production (Figure 11A). 

Concerning steroid resistance, we compared IL-10 production in C. pneumoniae 

seropositive and seronegative asthmatics. We found that in cases of seropositivity, steroid-

resistant patients exhibited significantly higher spontaneous IL-10 cytokine release than did 

seronegative individuals (0.41 ± 0.07 ng/mL vs. 0.25 ± 0.14 ng/mL, p = 0.02). Moreover, after 

specific C. pneumoniae antigen stimulation, significantly higher IL-10 levels were found in the 

seropositive steroid-resistant group than in the seronegative steroid-resistant group (0.59 ± 0.18 

ng/mL vs. 0.34 ± 0.13 ng/mL, p = 0.02). Regarding the cytokine response to nonspecific PHA 

stimulation, we observed no differences related to the C. pneumoniae serostatus among steroid-

resistant asthmatics (Figure 11B).  
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Figure 11. Effect of stimulation with C. pneumoniae and phytohemagglutinin (PHA) on 

interleukin (IL)-10 secretion. 

Human peripheral blood mononuclear cells (PBMCs) were obtained from steroid-resistant (SR) 

and steroid-sensitive (SS) asthma patients and healthy blood donors (controls) with C. 

pneumoniae seropositivity (Cpn+) and seronegativity (Cpn–) as follows:  

(A) IL-10 concentrations were determined by ELISA and expressed as ng/mL (mean ± SD) in 

the C. pneumoniae seropositive groups.  

(B) IL-10 production by PBMCs of C. pneumoniae seropositive and seronegative SR patients 

as compared with controls (mean ± SD). Asterisks indicate significant differences (*p < 0.05, 

** p < 0.01). 
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4.10. TNF-α production in asthmatics in response to specific (C. pneumoniae) and 

nonspecific PHA stimulation 

PBMCs obtained from asthmatics and cultured without stimulation produced a higher 

amount of TNF-α than did those from non-asthmatics, however these differences did not reach 

significance. PBMCs from C. pneumoniae seropositive steroid-resistant participants 

spontaneously secreted a higher level of TNF-α than did seropositive steroid-sensitive patients 

(0.23 ± 0.16 ng/mL vs. 0.08 ± 0.06 ng/mL, p = 0.05) (Figure 12).  

In response to specific and nonspecific treatments, in C. pneumoniae seropositive 

asthmatics there was no significant difference in the secreted TNF-α levels between the steroid-

sensitive and -resistant groups. 

 

Figure 12. C. pneumoniae and PHA induced TNF-α production of PBMCs from seropositive 

control and asthmatic participants. 

Tumor necrosis factor-alpha (TNF-α) content of the supernatants of peripheral blood 

mononuclear cells (PBMCs) from seropositive steroid-sensitive (SS) and steroid-resistant (SR) 

asthmatic patients and healthy blood donors (controls). TNF-α concentrations were determined 

by ELISA and expressed as ng/mL (mean ± SD). Significant differences are labelled with 

asterisks, * p < 0.05. 

4.11. MMP-9 production in steroid-sensitive and steroid-resistant asthmatic patients 

The serum level of MMP-9 was measured in C. pneumoniae seropositive and 

seronegative steroid-sensitive and steroid-resistant asthmatics. A significant difference in the 

serum MMP-9 level was observed among the steroid-resistant participants. C. pneumoniae 
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seronegative patients exhibited significantly increased serum levels of MMP-9 as compared 

with those found in C. pneumoniae seropositive asthmatics (p = 0.01, 1.46 ± 1.124 ng/mL vs. 

0.528 ± 0.193 ng/mL) However, this difference was not observed among steroid-sensitive 

patients. In association with C. pneumoniae seronegativity, a statistically significantly higher 

MMP-9 level was found in the sera of steroid-resistant patients than in steroid-sensitive patients 

(1.46 ± 1.125 ng/mL vs. 0.87 ± 0.49 ng/mL, p = 0.04) (Figure 13).  

 

Figure 13. Serum matrix metalloproteinase (MMP)-9 levels in patients with asthma. 

MMP-9 levels were measured in steroid-sensitive (SS) and steroid-resistant (SR) C. 

pneumoniae seropositive (Cpn+) and seronegative (Cpn–) asthmatic patients by ELISA. Data 

are expressed as ng/mL (mean ± SD). Significant differences are labelled with asterisks, * p < 

0.05 and ** p = 0.01 
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5. Discussion 
 

5.1. The effects of ICSs on C. pneumoniae infection in vitro and in mice 

ICSs are widely used to treat COPD and asthma, as they show a broad range of anti-

inflammatory properties and improve lung function. However, the association between ICS use 

and the risk of pneumonia remains unclear, as different ICSs have distinct effects on infections. 

Several studies have been conducted to reveal their possible connection to respiratory 

infections; nevertheless, clinical data tend to be contradictory [60,102,103]. ICSs have different 

pharmacological and immunomodulatory effects considering responses to viral infections, 

immune cell functions, and cytokine production [62]. As exacerbations of obstructive lung 

diseases are mainly caused by viral or bacterial infections, ICSs were investigated from a new 

perspective and their effects on antimicrobial defence were examined.  

FP and BUD affected pro-inflammatory epithelial responses, and presented antiviral and 

anti-inflammatory activities differentially. In vitro studies have shown that BUD is effective in 

counteracting rhinovirus replication, inhibiting cytokine production, and enhancing 

antimicrobial protein secretion; however, in vivo, it suppressed pulmonary host defence genes 

that are essential for bacterial clearance [64,72,104,105]. Moreover, inhalation of BUD has 

been shown to lead to significant alterations in the regulation of anti- and pro-inflammatory 

genes involved in eliminating respiratory pathogens [106]. 

FP is regarded as a more potent inhibitor of pro-inflammatory genes and cytokines, 

although it can preserve the production of several cytokines, especially IFN- to reverse its 

exaggerated effect on Th2 response in allergic inflammation. Inhibitory effects of this topically 

active ICS are not well-established in respiratory infections, despite the fact that FP is far more 

potent in cytokine production than other ICSs [107]. 

C. pneumoniae is implicated in asthma exacerbations, and there is increasing evidence 

indicating that it plays a role in asthma pathogenesis, leading to altered cytokine responses, 

decreased lung function, and heightened disease severity [50,56,108]. Thus, we aimed to 

investigate whether ICSs could have beneficial modulatory effects on chlamydia infection in 

vitro and in vivo, and thus, define the possible underlying mechanisms.  
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Collectively, our reported data inspire several exciting concepts that could have practical 

outcomes for respiratory physicians. Our in vitro results suggested that C. pneumoniae growth 

is suppressed in infected epithelial cells by FP, but not by BUD. Thus, we tested our hypothesis 

whether FP could inhibit the growth of C. pneumoniae in vivo. We found that the number of 

recoverable C. pneumoniae decreased in C. pneumoniae-infected mouse lungs after FP 

treatment, as observed in A549 epithelial cells. It is well established that the IFN- is the main 

regulator of chlamydia elimination, and can trigger various mechanism leading to chlamydia 

inhibition. IFN- exposure induced IDO activity which is responsible for tryptophan 

degradation. As chlamydiae are tryptophan auxotrophs, increased IDO activity results in a 

restricted chlamydia growth in vitro and in vivo [17,98]. Moreover, IFN- enhances the 

expression of genes involved in innate immunity, thus, contributing further to the mechanisms 

inhibiting chlamydia infections [97]. Our findings revealed that FP can significantly induce 

IFN- not only at the transcription level, but also at the protein level, in contrast to BUD, 

indicating the previously described phenomenon that FP preserves IFN- responses [107]. IFN-

 associated MIG/CXCL9 was shown to have antimicrobial effect to C. pneumoniae [100], 

similar to C. trachomatis and C. muridarum [97]. Our results demonstrated that MIG/CXCL9 

levels increased at the protein level in parallel with IFN- after FP administration, compared to 

that in untreated control and BUD-treated mouse lungs. Interestingly, FP did not alter the 

expression of other IFN--inducible chemokines, suggesting that other mechanisms may be 

playing a role in chemokine expression. Notably, BUD treatment significantly reduced the gene 

expression levels of the CXCL-10 and CXCL-11, which is in accordance with a previous report 

[109]. Consistently, ICS treatments have a unique impact on IFN- response and chemokine 

production.  

IDO activity is a hallmark of tryptophan depletion and suppression of chlamydia growth 

in cell cultures and mice. Further, IDO activity is associated with several pulmonary diseases, 

including lung cancer [110]. Sputum IDO activity was enhanced in an IL-10 dependent manner 

in asthmatic patients receiving ICSs; the ICSs increased IL-10 secretion from macrophages in 

parallel with IDO activity, indicating that ICS use could generate IDO activity through IL-10 

production [111]. Our results also indicate a significant increase in IL-10 production after FP 

administration in infected mice; conversely, BUD did not have an enhancing effect. Since it is 
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well-known that FP can increase local secretion of IL-10 in vivo [112], we concluded that the 

observed IDO activity could have been derived from the additive effects of IFN- and IL-10.  

To further analyse the production of anti-chlamydial cytokines, we measured IL-17A levels, as 

it has been reported to trigger neutrophil recruitment in the lung, whereas its neutralisation 

results in a higher C. pneumoniae burden [31]. FP was not able to inhibit IL-17A, in contrast to 

BUD, which downregulates IL-23, the potential inducer of IL-17A [113,114]. Our current 

findings revealed that FP-treated mice produced significantly higher amounts of IL-17A in 

response to C. pneumoniae infection, suggesting that this increase in IL-17A production might 

also result in the development of C. pneumoniae inhibition, as observed in a previous study, IL-

17A can synergize with IFN-, playing a protective role in chlamydia infection [115]. 

Lastly, we analysed the relative expression of GR and VDR, and found that FP treatment 

significantly increased VDR expression compared to control and BUD-treated mice. VDR is 

one of the highly downregulated transcription factors in chlamydia-infected murine cells [97], 

suggesting that the elevated VDR expression in our study was due to the influence of FP in 

mice. This result raises the likelihood of the beneficial impact of FP to stem from VDR 

activation; a former study proved that the diminished VDR activity was associated with higher 

chlamydia load in the lungs [116]. Vitamin D favours the curtailment of bacterial infections, 

and had several implications in modulating adaptive and innate immunity to eliminate bacterial 

infections [117]. Therefore, our results raise the possibility that FP supports VDR functions, 

which can further influence cytokine and chemokine production. Thus, we recommend further 

examination of the interaction between ICS use and VDR activity, as Vitamin D 

supplementation is widely recommended in asthma. 

In addition, we investigated whether FP or BUD could amend the histopathology of C. 

pneumoniae-infected mouse lungs and found that all specimens contained lymphocyte 

infiltration as a sign of C. pneumoniae infection. However, emphysema was also visible in FP-

treated lung samples. As FP treatment showed an exaggerated IFN- response to the chlamydia 

infection, the elimination of C. pneumoniae through enhanced cytokine and chemokine 

production could lead to minimal emphysema in infected lungs. According to previous studies 

[118,119], emphysema can be associated with the IFN- production and chlamydia infections.  
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To our knowledge, this is the first study that investigated the effects of FP and BUD on 

C. pneumoniae infection in vivo and in vitro. The most notable results of our research are as 

follows:  

(1) FP treatment inhibited C. pneumoniae growth in A549 cells; (2) FP also inhibited C. 

pneumoniae replication in vivo; (3) FP induced IFN- at gene expression and protein level, 

leading to an enhanced IDO activity and MIG/CXCL9 production; (4) FP promoted the 

expression of VDR. 

5.2. The influence of C. pneumoniae in steroid-resistant and steroid-sensitive patients 

with asthma 

Asthma is a heterogeneous, reversible, obstructive lung disease with systemic 

immunological features and variable phenotypes. In this study, we examined cytokine 

responses in asthmatic patents with different asthmatic phenotypes in relation to their steroid 

responsiveness and C. pneumoniae serological status. We aimed to determine whether steroid-

resistant asthmatics and steroid-sensitive patients differ only in treatment responsiveness and 

clinical features, or in the cytokine response to the presence of specific antigens as well. 

Therefore, we investigated the in vitro IL-10 and TNF-α responses of C. pneumoniae 

seropositive and seronegative steroid-resistant and steroid-sensitive asthmatic patients’ PBMCs 

to a polyclonal mitogen and C. pneumoniae antigen. Moreover, we examined MMP-9 blood 

serum levels in association with their C. pneumoniae serostatus to detect differences between 

steroid-resistant and -sensitive asthmatics.  

We hypothesized that a prior C. pneumoniae infection has an impact on IL-10 production 

in asthmatic patients. We examined cytokine production under different stimuli in steroid-

resistant and steroid-sensitive patients. Untreated PBMCs from C. pneumoniae seropositive 

patients secreted a higher level of IL-10 than did those from controls. These data correspond to 

the fact that higher serum IL-10 levels were observed in asthmatics than in controls [120]. Our 

results indicated that increased IL-10 responses are derived from PBMCs, indicating that in 

asthma pathogenesis, systemic immune responses can alter disease severity and clinical 

features.  

In the C. pneumoniae seropositive groups, we detected greater spontaneous IL-10 

secretion in steroid-resistant individuals than in steroid-sensitive individuals. Additionally, 

PBMCs from steroid-resistant C. pneumoniae seropositive asthmatics produced significantly 
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higher IL-10 responses when untreated and under C. pneumoniae stimulation, supporting the 

notion that earlier C. pneumoniae infection contributes to an altered IL-10 response in steroid-

resistant asthmatics. In contrast, we did not observe a similar tendency in steroid-sensitive 

patients, reflecting the distinct immunological features in steroid-resistant participants.  

In asthmatics, there is a positive correlation between disease severity and the IL-10 level. 

Accordingly, patients with asthma exhibit a higher IL-10 serum level than that of healthy 

individuals [121]. Glucocorticoids enhance IL-10 secretion and regulatory T cell functions, 

consequently, in steroid-resistant asthmatics, these effects cannot be observed clearly. 

However, it is well-known that IL-10 responses can be reversed and steroid responsiveness can 

be repaired in steroid-resistant asthmatics [122]. The precise role of IL-10 is unclear in asthma 

pathogenesis, particularly, in steroid-resistant asthmatics, and appears to be pleiotropic. One 

study revealed that under dexamethasone stimulation, CD4+ T cells from patients with steroid-

resistant asthma failed to induce IL-10 synthesis [123]. To the best of our knowledge, IL-10 

production by PBMCs from asthmatic patients under different stimuli have not been studied in 

relation to the C. pneumoniae serostatus and steroid responsiveness. Collectively, our data 

indicate that a previous C. pneumoniae infection can affect IL-10 secretion by PBMCs in 

asthmatics and raise further demand to analyse immune response differences between steroid-

sensitive and -resistant patients.  

Related to the TNF-α response, in this study, we found only one significant difference in 

C. pneumoniae seropositive asthmatics. PBMCs from steroid-resistant patients spontaneously 

secreted significantly higher levels of TNF-α than did those of steroid-sensitive patients, 

however, under C. pneumoniae stimulation no significant differences were detected between 

healthy volunteers, steroid-sensitive, and steroid resistant asthmatics. In contrast, pediatric 

patients with asthma have demonstrated a possibly altered ineffective Th1 immune response, 

resulting in lower TNF-α responses from C. pneumoniae infected PBMCs [56]. Differences 

among adult asthmatics have also been demonstrated under specific circumstances such as 

pregnancy [124]. These findings point out the possibility of impaired cytokine responses under 

determined factors that can interfere with asthma pathogenesis and C. pneumoniae infection 

[125]. 
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Undoubtedly, former studies have revealed that TNF-α plays a central role in the 

pathogenesis of refractory asthma, particularly, in the remodelling process and steroid 

responsiveness. A higher TNF-α level was observed in BAL fluid and in the peripheral blood 

in asthmatics as compared with healthy controls [126]. The TNF-α axis contributes to activation 

of NF-κB, and therefore promotes pro-inflammatory cytokine expression. TNF-α induces the 

recruitment of eosinophil and neutrophil cells and plays a role in airway remodelling and 

decreased glucocorticoid response via cellular and immune responses [85],[127]. C. 

pneumoniae is also involved in refractory asthma, as it alters the apoptosis process of infected 

cells and prolongs cell survival leading to airway structure changes. Cho et al. demonstrated 

that C. pneumoniae-infected PBMCs promoted cell proliferation in a Th2 microenvironment 

and T lymphocytes were resistant to the pro-apoptotic effect of glucocorticoids. These results 

were attributable to TNF-α axis activation and its modified function [57]. 

It is well-known that MMPs are involved in extracellular matrix changes and cytokine 

regulation. Moreover, MMP-9 levels correlate with lung function parameters, for example, 

FEV1 [128]. It is worth noting that pivotal differences in exhaled MMP-9 levels were detected 

in mild/moderate eosinophilic, severe eosinophilic, and severe neutrophilic asthmatics, 

indicating an association between asthma severity and airway remodelling [92]. 

The effect of corticosteroids on MMP-9 production is controversial. Inhaled steroids did 

not reduce the exhaled MMP-9 rate [91], and this trend was also observed in BAL fluids of 

steroid responder and non-responder patients with asthma [129]. A previous study revealed no 

difference between C. pneumoniae infected and uninfected PBMCs regarding MMP-9 

production. However, C. pneumoniae infection increased TIMP-1 secretion, leading to a 

decreased MMP-9/TIMP-1 ratio. Moreover, dexamethasone treatment resulted in a further 

reduction of this ratio [90]. In this study, we measured the serum MMP-9 levels to define 

differences related to the C. pneumoniae-specific IgG serostatus and steroid responsiveness. 

Steroid-resistant C. pneumoniae seropositive patients had a lower MMP-9 level than did 

seronegative patients. In addition, C. pneumoniae seronegative steroid-resistant patients had 

significantly higher MMP-9 levels than did steroid-sensitive individuals, indicating the 

probable intensified remodelling process. Former studies have revealed a strong association 

between MMP-9 expression and C. pneumoniae infection in atherosclerotic plaques; moreover, 

Paolillo et al. observed increased MMP-9 production in C. pneumoniae-infected human 
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endothelial cells [130,131]. In addition, it is well-known that MMP-9 plays a detrimental role 

in the pathogenesis of allergic airway diseases [132,133]. Nevertheless, the punctual effect of 

C. pneumoniae on MMP-9 production in bronchial epithelial cells and alveolar macrophages 

remains unclear and further studies are needed to define the role of C. pneumoniae in MMP-9 

secretion and lung fibrosis.  

Taken together, our findings revealed unknown features of asthmatic patients and 

strengthened the line of evidence that former infection could affect asthma mechanisms. To the 

best of our knowledge, this is the first study that compared asthmatic patients on the basis of 

steroid responsiveness and C. pneumoniae seropositivity.  

In summary, we emphasize the following milestone results: (1) In steroid-sensitive C. 

pneumoniae positive patients a significant IL-10 production was observed as compared with 

control individuals; (2) similar differences were found in spontaneous IL-10 secretion of 

PBMCs from seropositive steroid-resistant asthmatics; (3) like resistant asthmatics, we found a 

significantly higher IL-10 production without treatment and under C. pneumoniae stimuli in 

seropositive patients as compared with seronegative individuals; (4) additionally, this study 

raised that seropositive steroid-resistant asthmatics expressed a significantly higher level of 

spontaneous TNF-α than steroid-sensitive asthmatics; (5) significantly higher MMP-9 levels 

were found in steroid-resistant seronegative patients than seropositive patients; and (6) the same 

trend was also seen as compared with seronegative steroid-sensitive participants.  
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6. Conclusions 
 

Our results demonstrate that FP treatment can lead to favourable outcomes in C. 

pneumoniae infection by enhancing IFN- responses, and inducing potential anti-chlamydial 

cytokine and chemokine production. Our observations revealed that the effects of FP were 

different from other ICSs; therefore, we hypothesised that FP is beneficial in C. pneumoniae 

infections. Recently, patients with asthma are controlled in new ways via telemedicine and 

experienced fewer outpatient visits due to the COVID-19 pandemic. Therefore, investigating 

the associations of ICSs use and respiratory infections is especially important in order to avoid 

further asthma exacerbations. Our study can contribute to a better management of asthma and 

C. pneumoniae infections, and could assist therapeutic choices.  

Additionally, we investigated the secretion of different cytokines by PBMCs from 

steroid-resistant and -sensitive asthmatic patients with or without stimulation. Our findings 

suggest that steroid resistance is associated with an altered cytokine production pattern related 

to C. pneumoniae serostatus. Our investigations confirm the heterogeneous nature of asthma 

disease and contribute to a better definition of the characteristics of steroid-resistant asthma at 

the cytokine level. Currently, there is an increasing demand to use immunotherapy in asthma 

management based on the inhibition of Th2 cytokines or IgE production [134,135]. 

Consequently, there is an emerging need to determine the immunological phenotypes of asthma, 

and thus to understand the pitfalls of conventional therapies. As our research was not without 

limitations, further studies are required to define the precise mechanisms underlying infection-

mediated asthma and the long-term effects of persistent C. pneumoniae infection.  
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7. Summary 
 

C. pneumoniae is a ubiquitous intracellular bacterium and is implicated in the 

pathogenesis of obstructive lung diseases, especially playing a decisive and detrimental role in 

asthma. In recent years, the management and treatment of asthma have undergone a significant 

change as novel biological therapeutic options have arisen, targeting directly cytokines and 

eosinophil cells. However, based on actual asthma guidelines, the first-step treatment of asthma 

is switched to ICSs and their combinations. Patients are educated about the proper use of their 

ICSs and perform their own self-management at home. However, ICSs could show both 

detrimental and beneficial effects related to respiratory infections. The associations between 

ICS use and pneumonia have been intensively investigated, but data are still controversial as 

the ICSs showed distinct immunomodulatory effects with regard to cell functions, cytokine and 

chemokine production, and to the expression of host defence genes with antimicrobial activity.  

We investigated whether FP or BUD can inhibit C. pneumoniae growth in vitro and found 

that FP suppressed the C. pneumoniae replication, in contrast to BUD. Based on these 

observations, we aimed to test this effect in vivo, in a mouse model, and investigate further 

underlying mechanisms at gene expression and protein levels. We detected significantly 

increased gene expression levels in the case of IFN-, IDO2, and VDR that could contribute to 

a potential antimicrobial defence. Besides the above, we found that in C. pneumoniae-infected 

and FP-treated mice the production of IFN- and an IFN- inducible chemokine, MIG/CXCL-

9, as well as the production of IL-10 and IL-17 were significantly increased at the protein level. 

All factors were previously described to reflect anti-chlamydial effects. Indeed, the number of 

viable C. pneumoniae cultured from FP-treated mice lungs was significantly lower compared 

to BUD-treated or control mice, suggesting the validity of our hypothesis. 

Next, we intended to define distinct immunological features of steroid-resistant and -

sensitive asthmatic patients based on cytokine production and C. pneumoniae serostatus. We 

observed that steroid-resistant and -sensitive patients showed different patterns of IL-10 and 

TNF- cytokine production, based on whether PBMCs were obtained from C. pneumoniae 

seropositive or seronegative patients. The differences were also manifested in baseline cytokine 

or MMP-9 levels. This study highlights that steroid-resistant and steroid-sensitive patients 
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differ with respect to cytokine production of their PBMCs, reflecting distinct 

immunophenotypes of patients with asthma.  

Collectively, our reported data in both studies inspire several exciting concepts in terms 

of C. pneumoniae infection, asthma treatment and their associations with patients’ individual 

responsiveness to infections or conventional therapies. Therefore, we believe our results could 

contribute to further translational asthma research and therapeutic choices as well. 

 

Considered novel findings 

Both of our studies produced several novel findings related to the complex nature of C. 

pneumoniae infection in patients with asthma and the influence of asthma treatment on C. 

pneumoniae. 

The following results are regarded to be state-of-the-art in Chlamydia and asthma research: 

 FP suppressed C. pneumoniae growth in vitro and in vivo; 

 FP promoted IFN- expression and production, along with IDO gene expression and IFN--

inducible MIG/CXCL-9 secretion at the protein level in C. pneumoniae-infected mouse lungs; 

 FP triggered the production of IL-17A, thus contributing to the indirect inhibition of C. 

pneumoniae replication in mice; 

 Interestingly, FP induced the expression of VDR in vivo that could exert additional 

immunomodulatory effects; 

 FP was demonstrated to affect immune responses in a distinct manner, compared to BUD; 

 PBMCs of the patients with steroid-resistant or -sensitive asthma act differently in response to 

stimulation with C. pneumoniae or a polyclonal mitogen stimulation, demonstrating altered IL-

10 and TNF-responses, based on the host’s C. pneumoniae serological status.  
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8. Összefoglalás 
 

A C. pneumoniae egy széles körben elterjedt intracelluláris baktérium, mely szerepet 

játszik az obstruktív tüdőbetegségek patogenezisében, főként az asztma kialakulásával és 

exacerbációjával hozták összefüggésbe. Az elmúlt években az asztma kezelése jelentős 

mértékben megváltozott, a citokin és eosinophil sejtek elleni biológiai terápiák alkalmazásával. 

A hatályos asztmára vonatkozó nemzetközi és hazai irányelvek alapján az asztma kezelése első 

lépésben az inhalált kortikoszteroidokra (ICS) és azok kombinációira korlátozódik. Bár a 

betegek az előírt ICS terápiájukat otthonukban önállóan használják, mégis ezen inhalációs 

gyógyszerek alkalmazására kiemelt figyelmet érdemes fordítani, hiszen előnyös vagy akár 

káros hatásuk a különböző légúti fertőzésekre mai napig nem nyert egyértelmű bizonyítást. Az 

ICS-k használata és a tüdőgyulladás közötti összefüggéseket intenzíven vizsgálták, de az adatok 

továbbra is ellentmondásosak, mivel az ICS-ek különböző immunmoduláló hatásokkal bírnak, 

a cellularis immunitás, a citokin és kemokin termelés, valamint az antimikrobiális 

védekezésben szerepet játszó gének expressziója tekintetében. 

Kísérleteink során megvizsgáltuk, vajon a FP és a BUD befolyásolja-e a C. pneumoniae 

növekedését in vitro, és azt találtuk, hogy a FP gátolta a C. pneumoniae szaporodását, 

ellentétben a BUD-dal. Ezt az eredményt alapul véve, a továbbiakban kísérletünket 

egérmodellben folytattuk, annak kiderítésére, vajon a FP és BUD hatása között tapasztalt 

különbség a C. pneumoniae szaporodását illetően in vivo is kimutatható-e. A fertőzött, FP-tal 

kezelt egerek tüdejéből a visszatenyészthető C. pneumoniae mennyisége szignifikánsan 

alacsonyabb volt, mint a BUD-dal kezelt vagy kontroll egerek esetében. További célunk volt, 

hogy feltárjuk ennek a hatásnak hátterében lévő lehetséges anti-chlamydiális immun 

mechanizmusokat génexpresszió és fehérje szinten is. Kísérleteink során szignifikánsan 

magasabb IFN- IDO2 és VDR génexpressziót észleltünk, ami potenciálisan hozzájárulhat az 

antimikrobiális védekezéshez. Emellett a C. pneumoniae-val fertőzött és FP-vel kezelt 

egerekben az IFN- és az IFN- által indukálható kemokin, a MIG/CXCL-9, illetve az IL-10 és 

az IL-17 fokozott termelődést mutatott. 

Ezt követően, a szteroid-rezisztens és -érzékeny asztmás betegek immunológiai 

jellemzőit tanulmányoztuk a C. pneumoniae szerostátusszal összefüggésben. A szteroid-

rezisztens és -érzékeny betegekből nyert perifériás mononukláris sejtek (PBMC) eltérő IL-10 
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és TNF-termelést mutattak, a különbség attól függött, hogy az asztmás betegek C. 

pneumoniae szeropozitívak vagy szeronegatívak voltak-e. A betegek szérumában mért MMP-

9 szintekben is szignifikáns eltérések mutatkoztak. Eredményeink alapján a szteroid-rezisztens 

és szteroid-érzékeny betegekből nyert PBMC-k eltérő citokin termelést mutattak, mely arra 

enged következtetni, hogy az asztmás betegek között különböző immunfenotípusok 

különíthetőek el. 

Összességében, mindkét vizsgálat során nyert adataink számos új eredményt hordoztak a C. 

pneumoniae fertőzés és az asztma kezelése, illetve a szteroid terápiára rezisztens és érzékeny 

betegek citokin termelésére vonatkozóan, így eredményeink hozzájárulhatnak a további 

transzlációs asztma kutatáshoz és klinikai terápiás döntésekhez is. 
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Abstract: The associations between inhaled corticosteroid (ICS) use and pulmonary infections
remains controversial. Chlamydia pneumoniae (C. pneumoniae) accounts for asthma exacerbations;
however, there are no data regarding ICS effects on C. pneumoniae infections. Thus, we investigated
whether fluticasone propionate (FP) or budesonide (BUD) could affect C. pneumoniae infection in vitro
and in vivo, focusing on the possible mechanisms that lead to potential anti-chlamydial outcomes.
We performed direct qPCR to detect C. pneumoniae growth in infected, FP-treated, and BUD-treated
A549 cells. Furthermore, FP or BUD was administered by inhalation to C. pneumoniae-infected mice.
The recoverable C. pneumoniae was determined by indirect immunofluorescence. Expression levels of
interferon (IFN)-γ and IFN-γ inducible chemokines were assessed by qPCR. We measured the protein
concentrations of IFN-γ and of other cytokines that potentially participate in the anti-chlamydial
response by ELISA. We found that FP treatment suppressed Chlamydia growth in A549 cells and in
mice. Higher levels of IFN-γ gene expression were observed in FP-treated mice compared to the
untreated and BUD-treated mice (p < 0.0001). IFN-γ and anti-chlamydial protein MIG/CXCL9 values
were significantly higher after FP inhalation. Collectively, FP, but not BUD, suppressed C. pneumoniae
growth in vitro and in vivo, which was likely due to the enhanced IFN-γ related responses.

Keywords: inhaled corticosteroid; fluticasone; Chlamydia pneumoniae; respiratory infection;
chemokine; interferon

1. Introduction

Inhaled corticosteroids (ICSs) are regarded as the most effective treatment for asthma
and chronic obstructive pulmonary disease (COPD) to reduce the risk of exacerbation
and improve lung function; however, ICSs have been associated with increased risk of
pneumonia [1]. Earlier studies have provided controversial data about the potential risk
of pneumonia in patients using ICSs and emphasise the differences in their mechanisms
of action [2,3]. It is well established that budesonide (BUD) and fluticasone propionate
(FP) show differences in their pharmacokinetic, physicochemical, and even in immuno-
suppressive properties, which can explain their distinct effects on respiratory infections
and exacerbations [4,5]. As ICSs may have anti-inflammatory effects on the outcomes of
respiratory infections, BUD and FP were studied to determine whether they can affect
common viral or bacterial infections associated with COPD and asthma exacerbations.
Previous studies have revealed that BUD can inhibit rhinovirus replication and beneficially
modulate cytokine responses in vitro depending on the type of infected cell [6,7]. Al-
though both BUD and FP can suppress pro-inflammatory cytokine expression, BUD had a
greater impact on antimicrobial proteins [8]. Furthermore, BUD came into focus during the
SARS-CoV-2 pandemic, and it was examined in coronavirus HCoV-229E infection, where
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it was found to decrease the expression of the viral entry receptor and infection-induced
cytokines, especially interleukin (IL)-6, IL-8, and interferon (IFN)-γ, resulting in inhibited
viral replication in vitro [9]. The transcription of genes involved in cytokine and chemokine
responses, particularly CCL-5, also known as RANTES (regulated on activation, normal T
cell expressed and secreted); and nuclear factor κB (NF-κB)-dependent gene expression, is
altered more extensively by FP than by BUD [10].

However, it remains unclear why ICSs have different effects on the immune responses
to respiratory infections. FP has been reported to cause a ten-fold more potent inhibitory
effect on airway immune cells and pro-inflammatory cytokine production due to its pro-
longed presence in the airway mucus, as compared to BUD [11,12]. Since BUD is in
conjugated form intracellularly and creates a depot before it is activated [13], its effect is
still unexplained in intracellular bacterial infections. In contrast to in vitro studies, BUD at-
tenuated pulmonary antibacterial host defence and increased the number of viable bacteria
in mouse lungs [14].

Chlamydia pneumoniae (C. pneumoniae) is an obligate intracellular bacterium that propa-
gates in respiratory epithelial cells, is responsible for community-acquired atypical pneumo-
nia, bronchitis, pharyngitis, sinusitis, and is implicated in the development of severe asthma
and acute exacerbations [15,16]. We have previously revealed that a former C. pneumoniae
infection was associated with altered cytokine responses in patients with asthma [17].
However, to our knowledge, the consequences of ICS use on C. pneumoniae infection have
not been investigated yet. To address the question of whether ICS use could directly or
indirectly influence C. pneumoniae infection, we investigated the effects of FP and BUD
treatment in an infected mouse model. We hypothesised that C. pneumoniae replication
and infection-induced immune responses, especially anti-chlamydial IFN-γ, IFN-related
chemokine production, and IFN-γ triggered gene expressions, could be influenced by
the administration of ICSs. Since BUD and FP have different immunomodulatory effects,
they can cause distinct alterations in the immune response to C. pneumoniae infection. To
investigate this, we assessed the effects of FP and BUD on the in vitro and in vivo growth
of C. pneumoniae in airway epithelial cells and in mice.

2. Results
2.1. FP Suppressed C. pneumoniae Replication in A549 Cells

We tested C. pneumoniae-infected A549 cells to investigate whether FP or BUD treat-
ment could modulate bacterial growth. As shown earlier, assessment of chlamydial genome
concentration by direct qPCR correlated with manual fluorescent microscopic quantitation,
wherein qPCR was used to measure the concentration of Chlamydia in infected cells [18]. We
assessed C. pneumoniae growth in FP- and BUD-treated epithelial cells based on the cycle
threshold (Ct) values. FP treatment resulted in significantly higher Ct values, indicating
suppressed C. pneumoniae growth, compared to that measured in BUD-treated (32.35 ± 0.51
vs. 30.81 ± 0.55, p < 0.01) and untreated control (32.35 ± 0.51 vs. 31.41 ± 0.39, p < 0.01)
cells. BUD treatment did not affect C. pneumoniae growth significantly (Figure 1). Given
that our in vitro observations could have significant clinical relevance, we next addressed
the elucidation of possible immunomodulating effects of FP and BUD in mice to explore
the underlying mechanisms.
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ferences, ** p < 0.01; ns means not significant difference. 
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2.3. Effects of FP and BUD on Chlamydia-Infected Lung Tissue Histopathology 
In the haematoxylin–eosin (HE)-stained mouse lung tissues, a distinctive difference 
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Figure 1. C. pneumoniae growth in A549 cells treated with budesonide (BUD) or fluticasone propionate
(FP). A549 cells were treated with BUD or FP for 24 h before, and for 48 h after infection with
C. pneumoniae (0.01 MOI). Growth of C. pneumoniae was estimated by direct qPCR, as described in
the Materials and Methods section. The concentration of C. pneumoniae is shown in terms of Ct value.
Error bars denote the mean ±SD of five parallel cultures. Asterisks indicate significant differences,
** p < 0.01; ns means not significant difference.

2.2. FP Inhibited C. pneumoniae Growth in the Lungs of Mice

We found that the viable number of C. pneumoniae was significantly lower in FP-treated
mice compared to the control group (5.33× 104 ± 3.42× 104 inclusion-forming unit (IFU)/mL
vs. 1.13 × 105 ± 1.28 × 105 IFU/mL, p < 0.0001) (Figure 2). A similar trend was observed
upon comparing FP-treated mice with BUD-treated mice (5.33 × 104 ± 3.42 × 104 IFU/mL
vs. 1.15 × 105 ± 1.42 × 104 IFU/mL, p < 0.001). In contrast, no inhibition was detected in
BUD-treated mice compared to the control (Figure 2).
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Figure 2. Quantity of recoverable C. pneumoniae in mouse lungs. Supernatants of lung homogenates
were cultured on McCoy cells, and the number of recoverable C. pneumoniae was counted by indirect
immunofluorescence test after two days of incubation. Symbols show data from individual mice.
Horizontal lines indicate mean± SD. Significant differences are indicated by asterisks, **** p < 0.0001.

2.3. Effects of FP and BUD on Chlamydia-Infected Lung Tissue Histopathology

In the haematoxylin–eosin (HE)-stained mouse lung tissues, a distinctive difference in
the general blueish appearance of the background in the control and BUD-treated specimen
was observed, which was caused by extensive lymphoid infiltration. Even though the
inflammation appeared diffusely, accentuated perivascular and peribronchial infiltration
was also observed at higher magnification (Figure 3A,B). Similarly, in the FP-treated
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mouse lung tissues, lymphocytic and plasmacytic infiltration was observed; centriacinar
emphysema was also visible, with thin alveolar septa (Figure 3C).
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Figure 3. The effects of inhaled corticosteroids (ICSs) on Chlamydia-induced histopathology in BALB/c mouse lung tissues.
Representative HE-stained sections of C. pneumoniae-infected, untreated (A), C. pneumoniae-infected, BUD-treated (B), and
C. pneumoniae-infected, FP treated (C) lung tissues (magnification 200×).

2.4. Effects of FP and BUD Treatment on Gene Expressions Related to IFN-γ and Corticosteroid
Responses in C. pneumoniae Infected Mice

Next, we explored whether the expression of IFN-γ and IFN-γ induced genes was
altered in FP- and BUD-treated lung tissues, including the typical, inducible defence
genes against Chlamydia infection, such as indoleamine 2,3-dioxygenase 1 (IDO1), IDO2,
MIG/CXCL9, IP-10/CXCL10 and I-TAC/CXCL11. qPCR using total RNA isolated from
homogenised lung tissues revealed that the relative expression of IFN-γ was significantly
enhanced in FP-treated mice (p < 0.001) compared to BUD-treated and control mice, the
relative expression was 12.8 ± 5.8 vs. 0.9 ± 0.43 and 12.8 ± 5.8 vs. 0.75 ± 0.1, respectively
(Figure 4A).
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Our previous studies showed that the IFN-γ inducible IDO1 and IDO2 are highly
expressed in C. pneumoniae-infected mouse lungs [19]. Thus, we next investigated the
effects of FP and BUD treatment on the expression of IFN-γ inducible IDO1, IDO2, and
tryptophan 2,3-dioxygenase (TDO) involved in the metabolism of amino acid tryptophan
that is essential for Chlamydia growth. Our results indicated a significantly increased IDO2
expression in the FP-treated mice compared to the control and BUD-treated group (p < 0.05).
This phenomenon was not observed in IDO1 and TDO expression (Figure 4B).

To test the consequence of increased IFN-γ release, we determined the relative expres-
sion levels of IFN-γ related chemokines. Unexpectedly, we found that BUD significantly
decreased the expression of MIG/CXCL9 (p < 0.05) and IP-10/CXCL10 (p < 0.01) com-
pared to untreated C. pneumoniae infected control mice. However, the relative expression
of MIG/CXCL9 and IP-10/CXCL10 was not altered significantly in FP-treated mice. I-
TAC/CXCL11 showed similar expression levels in all groups (Figure 4C).

Furthermore, we investigated the expression of glucocorticoid receptor (GR) and
Vitamin D receptor (VDR) genes, as both receptors perform immunomodulatory func-
tions [20,21]. Interestingly, our results demonstrated that FP treatment increased VDR
expression significantly compared to control and BUD-treated mice (p < 0.01), whereas BUD
treatment did not affect VDR expression. We found no statistically significant difference in
GR expressions in C. pneumoniae-infected BUD- and FP-treated mice (Figure 4D).

2.5. Anti-Chlamydial IFN-γ and MIG/CXCL9 Protein Production Are Enhanced by FP Treatment

As previously described, IFN-γ exhibits crucial anti-chlamydial activity by inducing
chemokine production and increasing anti-chlamydial gene expression [22]. To determine
whether ICSs altered gene expression, and influenced the levels of IFN-γ and related
chemokines, we estimated IFN-γ and MIG/CXCL-9 protein concentrations in the super-
natants of lung homogenates for C. pneumoniae-infected mice (Figure 5). According to
our results, IFN-γ production was significantly increased after FP treatment compared to
untreated infected control (4519.77 ± 1289.08 pg/mL vs. 2060.07 ± 995.76 pg/mL, p < 0.05).
BUD treatment did not affect IFN-γ production significantly compared to FP-treated or
control mice.
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Figure 5. Effect of ICSs on IFN-γ and MIG/CXCL9 production in C. pneumoniae-infected mouse lungs.
IFN-γ and MIG/CXCL9 protein concentrations were determined by ELISA in the supernatants of
homogenised lung tissues of infected FP-treated, BUD-treated, and untreated mice. Data are shown
as pg/mL. Bars denote mean ± SD of each group (n = 12). Significant differences are indicated with
asterisks, * p < 0.05, ** p < 0.01; ns means not significant difference.

We examined whether MIG/CXCL9 production at the protein level was changed in
association with alterations in IFN-γ production in vivo. We found that FP-treated mice
showed a higher protein level of MIG/CXCL9, compared to that in untreated controls
(4984 ± 1137 pg/mL vs. 1169 ± 1178 pg/mL, p < 0.01). Furthermore, a significant incre-
ment in the level of MIG/CXCL9 was detected in FP-treated lung tissues compared to
the BUD-treated mouse lungs (4984 ± 1137 pg/mL vs. 1370 ± 1509 pg/mL, p < 0.01)
(Figure 5).
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2.6. Effects of BUD and FP Treatment on the Secretion of Th17 and Th2 Cytokines in
C. pneumoniae-Infected Lung Tissues

ELISA of supernatants from control and treated lung samples was performed to
elucidate the influence of ICS treatment on cytokine production. As previously reported
by us, IL-17A has an indirect anti-chlamydial activity in vivo [23]. Thus, we investigated
the impact of ICSs on IL-17A production in infected mouse lungs (Figure 6A). We found
a significantly elevated IL-17A level in FP-treated mouse lungs compared to the control
group (55.59 ± 17.7 pg/mL vs. 3.06 ± 0.67 pg/mL, p < 0.01). Although increased IL-17A
production was observed in BUD-treated mice, it did not differ significantly from the
control and FP- treated mice.
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Figure 6. Effects of BUD and FP on the secretion of interleukin (IL)-17A, IL-4 and IL-10 in control and treated mice. IL-17A
(A), IL-4, and IL-10 (B) protein concentrations were determined by ELISA in the supernatants of homogenised lung tissues
of infected FP-treated, BUD-treated, and untreated mice. Bars denote mean± SD of each group (n = 12). * p < 0.05, ns means
not significant difference.

As Th2 cytokines play a pivotal role in modulating lung inflammation, we evaluated
whether FP and BUD could affect IL-4 and IL-10 secretion in C. pneumoniae-infected mice
(Figure 6B). Our results indicated unaltered IL-4 production, whereas IL-10 levels changed
in a different manner. We detected a significantly higher amount of IL-10 in FP-treated
lung tissues, but not in the BUD-treated lungs, in comparison with the untreated infected
mice (1757.28 ± 602.93 pg/mL vs. 739.67 ± 19.70 pg/mL, p < 0.05).

3. Discussion

ICSs are widely used to treat COPD and asthma, as they show a broad range of anti-
inflammatory properties and improve lung function. However, the association between
ICS use and the risk of pneumonia remains unclear, as different ICSs have distinct effects on
infections. Several studies have been conducted to reveal their possible connection to respi-
ratory infections; nevertheless, clinical data tend to be contradictory [2,24,25]. ICSs have
different pharmacological and immunomodulatory effects considering responses to viral
infections, immune cell functions, and cytokine production [4]. As exacerbations of obstruc-
tive lung diseases are mainly caused by viral or bacterial infections, ICSs were investigated
from a new perspective, and their effects on antimicrobial defence were examined.

FP and BUD affected pro-inflammatory epithelial responses, and they presented
antiviral and anti-inflammatory activities differentially. In vitro studies have shown that
BUD is effective in counteracting rhinovirus replication, inhibiting cytokine production, and
enhancing antimicrobial protein secretion; however, in vivo, it suppressed pulmonary host
defence genes that are essential for bacterial clearance [6,14,26,27]. Moreover, inhalation
of BUD has been shown to lead to significant alterations in the regulation of anti- and
pro-inflammatory genes involved in eliminating respiratory pathogens [28].

FP is regarded as a more potent inhibitor of pro-inflammatory genes and cytokines,
although it can preserve the production of several cytokines, especially IFN-γ, to reverse
its exaggerated effect on Th2 response in allergic inflammation. Inhibitory effects of this
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topically active ICS are not well-established in respiratory infections, despite the fact that
FP is far more potent in cytokine production than other ICSs [29].

C. pneumoniae is implicated in asthma exacerbations, and there is increasing evidence
indicating that it plays a role in asthma pathogenesis, leading to altered cytokine responses,
decreased lung function, and heightened disease severity [30–32]. Thus, we aimed to
investigate whether ICSs could have beneficial modulatory effects on Chlamydia infection
in vitro and in vivo, and thus, define the possible underlying mechanisms.

Collectively, our reported data inspire several exciting concepts that could have prac-
tical outcomes for respiratory physicians. Our in vitro results suggest that C. pneumoniae
growth is suppressed in infected epithelial cells by FP but not by BUD. Thus, we tested our
hypothesis whether FP could inhibit the growth of C. pneumoniae in vivo. We found that
the number of recoverable C. pneumoniae decreased in C. pneumoniae-infected mouse lungs
after FP treatment, as observed in A549 epithelial cells. It is well established that the IFN-γ
is the main regulator of Chlamydia elimination and can trigger various mechanism leading
to Chlamydia inhibition. IFN-γ exposure induced IDO activity, which is responsible for
tryptophan degradation. As Chlamydiae are tryptophan auxotrophs, increased IDO activ-
ity results in a restricted Chlamydia growth in vitro and in vivo [19,33]. Moreover, IFN-γ
enhances the expression of genes involved in innate immunity, thus contributing further
to the mechanisms inhibiting Chlamydia infections [34]. Our findings revealed that FP can
significantly induce IFN-γ not only at the transcription level but also at the protein level,
in contrast to BUD, indicating the previously described phenomenon that FP preserves
IFN-γ responses [29]. IFN-γ associated MIG/CXCL9 was shown to have an antimicrobial
effect to C. pneumoniae [35], similar to C. trachomatis and C. muridarum [34]. Our results
demonstrated that MIG/CXCL9 levels increased at the protein level in parallel with IFN-γ
after FP administration, compared to that in untreated control and BUD-treated mouse
lungs. Interestingly, FP did not alter the expression of other IFN-γ-inducible chemokines,
suggesting that other mechanisms may be playing a role in chemokine expression. Notably,
BUD treatment significantly reduced the gene expression levels of CXCL-10 and CXCL-11,
which is in accordance with a previous report [36]. Consistently, ICS treatments have a
unique impact on IFN-γ response and chemokine production.

IDO activity is a hallmark of tryptophan depletion and suppression of Chlamydia
growth in cell cultures and mice. Furthermore, IDO activity is associated with several
pulmonary diseases, including lung cancer [37]. Sputum IDO activity was enhanced in
an IL-10 dependent manner in asthmatic patients receiving ICSs; the ICSs increased IL-10
secretion from macrophages in parallel with IDO activity, indicating that ICS use could
generate IDO activity through IL-10 production [38]. Our results also indicate a significant
increase in IL-10 production after FP administration in infected mice; conversely, BUD did
not have an enhancing effect. Since it is well-known that FP can increase local secretion of
IL-10 in vivo [39], we concluded that the observed IDO activity could have been derived
from the additive effects of IFN-γ and IL-10.

To further analyse the production of anti-chlamydial cytokines, we measured IL-17A
levels, as it has been reported to trigger neutrophil recruitment in the lung, whereas its
neutralisation results in a higher C. pneumoniae burden [23]. FP was not able to inhibit IL-
17A, in contrast to BUD, which downregulates IL-23, the potential inducer of IL-17A [40,41].
Our current findings revealed that FP-treated mice produced significantly higher amounts
of IL-17A in response to C. pneumoniae infection, suggesting that this increase in IL-17A
production might also result in the development of C. pneumoniae inhibition; as observed in
a previous study, IL-17A can synergise with IFN-γ, playing a protective role in Chlamydia
infection [42].

Lastly, we analysed the relative expression of GR and VDR, and we found that FP
treatment significantly increased VDR expression compared to control and BUD-treated
mice. VDR is one of the highly downregulated transcription factors in Chlamydia-infected
murine cells [34], suggesting that the elevated VDR expression in our study was due to the
influence of FP in mice. This result raises the likelihood of the beneficial impact of FP to
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stem from VDR activation; a former study proved that the diminished VDR activity was
associated with higher Chlamydia load in the lungs [43]. Vitamin D favours the curtailment
of bacterial infections, and it had several implications in modulating adaptive and innate
immunity to eliminate bacterial infections [44]. Therefore, our results raise the possibility
that FP supports VDR functions, which can further influence cytokine and chemokine
production. Thus, we recommend further examination of the interaction between ICS use
and VDR activity, as Vitamin D supplementation is widely recommended in asthma.

In addition, we investigated whether FP or BUD could amend the histopathology of
C. pneumoniae-infected mouse lungs and found that all specimens contained lymphocyte
infiltration as a sign of C. pneumoniae infection. However, emphysema was also visible
in FP-treated lung samples. As FP treatment showed an exaggerated IFN-γ response to
the Chlamydia infection, the elimination of C. pneumoniae through enhanced cytokine and
chemokine production could lead to minimal emphysema in infected lungs. According
to previous studies [45,46], emphysema can be associated with the IFN-γ production and
Chlamydia infections.

To our knowledge, this is the first study that investigates the effects of FP and BUD on
C. pneumoniae infection in vivo and in vitro. The most notable results of our research are as
follows: (1) FP treatment inhibited C. pneumoniae growth in A549 cells; (2) FP also inhibited
C. pneumoniae replication in vivo; (3) FP induced IFN-γ at the gene expression and protein
levels, leading to enhanced IDO activity and MIG/CXCL9 production; (4) FP promoted
the expression of VDR.

4. Materials and Methods
4.1. In Vitro Study Design

A549 human airway epithelial cells (ATCC, Manassas, VA, USA) were transferred to
a 96-well plate at a density of 4 × 104 cells/well in 100 µL of minimal essential medium
(MEM) with Earle’s salts supplemented with 10% heat-inactivated foetal bovine serum
(FBS), 2 mmol/L-glutamine, 1x non-essential amino acids, 4 mM HEPES and 25 µg/mL
gentamycin. The cells were pre-treated and incubated for 24 h at 37 ◦C, 5% CO2 with FP
(Sigma-Aldrich, Saint Louis, MO, USA) or BUD (Sigma-Aldrich, Saint Louis, MO, USA)
or left untreated. The highest non-toxic drug concentrations (FP: 3.5 × 10−4 mM, BUD:
7 × 10−4 mM) determined by the 3-(4,5-dimethylthiazol -2yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT) cytotoxicity test. After 24 h treatment, the wells were washed twice
with phosphate-buffered saline (PBS) and the cells were infected with C. pneumoniae at a
multiplicity of infection (MOI) of 0.01. The cells were inoculated in 0.5% (w/v) glucose
medium and centrifuged (800× g, 60 min), which was followed by the addition of FP or
BUD to the wells. Control-infected cells were left untreated. After infection, the plates were
incubated at 37 ◦C, under 5% CO2 for 48 h. Subsequently, the wells were washed twice with
PBS, and 100 µL sucrose–phosphate–glutamic acid (SPG) solution was added to each well.
The plates were subjected to two freeze–thaw cycles with a quick freezing (−80 ◦C, 15 min)
to obtain cell lysates, which were used directly as templates for quantitative polymerase
chain reaction (qPCR). To evaluate C. pneumoniae propagation, direct qPCR was performed
as described previously [18,47].

4.2. Inoculum Preparation and Immunostaining

C. pneumoniae strain CWL-029, kindly gifted by Agathe Subtil (Pasteur Institute, Paris,
France), was propagated on HEp-2 cells as described previously [48]. The elementary
bodies (EBs) were purified and concentrated, and subsequently aliquoted in SPG, which
was followed by storage at −80 ◦C until further use. Indirect immunofluorescence was
performed to determine the concentration of infectious C. pneumoniae EBs. Serial dilutions
of purified EBs were inoculated onto McCoy cell monolayers (ECACC, London UK). After
incubation for 48 h, the infected cells were fixed with acetone at −20 ◦C and stained with
monoclonal anti-Chlamydia LPS antibody (AbD Serotec, Oxford, UK) and fluorescein isoth-
iocyanate (FITC)-labelled anti-mouse immunoglobulin (Ig) G (Sigma-Aldrich, St. Louis,
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MO, USA). The number of C. pneumoniae inclusions was counted under a UV microscope,
and the titre was expressed as inclusion-forming units (IFUs)/mL.

4.3. Corticosteroid Treatment in Mice

FP and BUD powder were obtained, and dimethyl sulfoxide (DMSO) was used as
a vehicle for the drugs. Mice were exposed to nebulised BUD (40 µg, 1000 µg/kg) and
FP (25 µg, 625 µg/kg) in an inhalation chamber for 15 min once a day, as described previ-
ously [49]. We used BUD and FP at equivalent concentrations with the ratio FP:BUD = 1:1.6,
based on former clinical studies [50] and the higher potency of FP [10].

4.4. Animals and Experimental Design

Female BALB/c mice (6–8-weeks-old) were obtained from Charles River Laboratories
(Hungary). The mice were kept under standard husbandry conditions at the animal facility
of the Department of Medical Microbiology and Immunobiology, University of Szeged.
Animals were fed regular mouse chow and provided with water ad libitum. The mice were
randomly divided into three groups: the control, the BUD-treated, and FP-treated (n = 16
in each group). Mice received either BUD, FP, or vehicle alone, for three days prior to
infection, and then for seven days after infection. On day 3, the mice were sedated with
intraperitoneal injection of sodium pentobarbital (200 µL, 7.5 mg/mL) and were infected
with 5 × 105 IFU C. pneumoniae in 20 µL SPG. On day 10, i.e., seven days after infection,
the mice were anaesthetised and sacrificed. The lungs were removed and homogenised
with acid-purified sea sand (Fluka Chemie AG, Buchs, Switzerland) using a mortar with a
pestle. One half of the homogenised lungs was prepared for total RNA extraction, and the
other half was suspended in 1 mL SPG for the detection of recoverable C. pneumoniae and
for cytokine measurements. The experiments were implemented with the approval of the
Animal Welfare Committee of the University of Szeged, Hungary and conformed to the
Directive 2010/63/EU.

4.5. Culturing of C. pneumoniae from the Lungs

One half of the homogenised lungs was centrifuged (10 min, 400× g), and serial
dilutions of the supernatants were inoculated onto McCoy cell monolayers and centrifuged
(60 min, 800× g). The number of recoverable C. pneumoniae inclusions was determined by
indirect immunofluorescence as described earlier, and expressed in terms of IFU/mL.

4.6. mRNA Extraction and cDNA Synthesis

Total RNA was extracted from the other half of the homogenised lung tissues of the
control (n = 12), as well as BUD- and FP-treated mice (n = 12 for each group) using TRI
reagent (Sigma-Aldrich, Saint Louis, MO, USA) according to the manufacturer’s protocol.
Total RNA concentrations and purity were measured using a NanoDrop spectrophotometer
(Thermo Scientific, Waltham, MA, USA). First-strand cDNA was synthesised from 2 µg of
total RNA using Maxima First Strand cDNA Synthesis Kit, and 20 pM random hexamer
primer in 20 µL reaction buffer according to the manufacturer’s protocol (Thermo Fisher
Scientific Inc. Waltham, MA, USA).

4.7. qPCR Validation

qPCR was performed in a Bio-Rad CFX96 real-time system with SsoFast™ Eva-
Green®qPCR Supermix (Bio-Rad, Hercules, CA, USA) master mix and murine specific
primer pairs: β-actin sense, 5′-TGGAATCCTGTGGCATCCATGAAAC-3′; β-actin antisense,
5′-TAAAACGCAGCTCAGTAACAGTCCG-3′; IDO1 sense, 5′-GCTTCTTCCTCGTCTCTCT
ATTG-3′; IDO1 antisense, 5′-TCTCCAGACTGGTAGCTATGT-3′; IDO2 sense, 5′-CCTGGAC
TGCAGATTCCTAAAG-3′; IDO2 antisense, 5′-CCAAGTTCCTGGATACCTCAAC-3′; TDO
sense, 5′-GGCATGGCTGGAAAGAACAC-3′; TDO antisense, 5′-CTCCCTGGAGTGCACG
GTAT-3′; IFN-γ sense, 5′-CAAGTGGCATAGATGTGGAAGA-3′; IFN-γ antisense, 5′-GCTG
TTGCTGAAGAAGGTAGTA-3′; MIG/CXCL9 sense, 5′-ACGTAGGTTTCGAGACCAGGGA
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TT-3′; MIG/CXCL9 antisense, 5′-CAACACCAAGTGTTCTGCCACCAA-3′; IP10/CXCL10
sense, 5′-TGGCTAGTCCTAATTGCCCTTGGT-3′; IP10/CXCL10 antisense, 5′-TCAGGACC
ATGGCTTGACCATCAT-3′; ITAC/CXCL11 sense, 5′-TACCCGAGTAACAGCTGCGACAA
A-3′; ITAC/CXCL11 antisense, 5′-TATGAGGCGAGCTTGCTTGGATCT-3′; VDR sense, 5′-
TACACCCCCTCACTGGACATGAT-3′; VDR antisense, 5′-CGATGACCTTTTGGATGCTGT
AA-3′; GR sense, 5′-GTTCCTAAGGAAGGTCTGAAGAG-3′; and GR antisense, 5′-CAATTC
TGACTGGAGTTTCC-3′.

Cycle threshold (Ct) values were calculated for β-actin, IDO1, IDO2, TDO, IFN-γ
MIG/CXCL9, IP10/CXCL10, ITAC/CXCL11, VDR, and GR, and the relative gene ex-
pression levels were determined by the 2−(∆∆Ct) method. The relative expression level
was indicated as 2−(∆∆Ct), where ∆∆Ct = ∆Ct for the experimental sample −∆Ct for the
control sample.

4.8. Lung Histology

Microscopic examination of the lungs of infected control as well as BUD-treated and
FP-treated mice (n = 4 from each group) was performed. After the removal of the lungs,
tissues of individual mice were immediately placed into plastic tubes, pre-filled with 10%
formalin, resulting in 1:10 of tissue/formalin ratio. During dissection, tissue samples in
the tube were cut into 1 mm slices and embedded into paraffin blocks. Four-micrometre
sections were cut, and regular haematoxylin–eosin (HE) staining was performed. All tissue
fragments were examined by light microscopy.

4.9. Cytokine and Chemokine Measurements from the Lungs

The supernatants of homogenised lung tissues were centrifuged (12,000× g, 5 min) and
enzyme-linked immunosorbent assay (ELISA) for IFN-γ, IL-4, IL-10, IL17-A, MIG/CXCL-9
was performed according to the manufacturers’ instructions. MIG/CXCL-9 concentration
was determined using a mouse MIG/CXCL-9 ELISA Kit (Sigma-Aldrich, Saint Louis,
MO, USA) and IL-17A was measured using Quantikine mouse IL-17 immunoassay (R&D
Systems, Minneapolis, MN, USA). IFN-γ, IL-4, and IL-10 concentrations were detected
with Invitrogen mouse ELISA kits (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Sensitivity for IFN-γ, IL-4, IL-10, IL-17A, and MIG/CXCL-9 measurement ranges were
15–2000, 4–500, 32–4000, 10.9–700, and 2.741–2000 pg/mL, respectively.

4.10. Statistical Analysis

Statistical analysis of data was performed with GraphPad Prism 8.0.1. software, using
one-way and two-way ANOVA, and Kruskal–Wallis test. All post hoc comparisons were
performed using Tukey’s method. Data are expressed as mean ± standard deviation (SD).
Differences at p < 0.05 were considered statistically significant.

5. Conclusions

Our results demonstrate that FP treatment can lead to favourable outcomes in
C. pneumoniae infection by enhancing IFN-γ responses, and inducing potential anti-
chlamydial cytokine and chemokine production. Our observations revealed that the
effects of FP were different from other ICSs; therefore, we hypothesised that FP is
beneficial in C. pneumoniae infections. Recently, patients with asthma are controlled
in new ways via telemedicine and experienced fewer outpatient visits due to COVID-
19 pandemic. Therefore, investigating the associations of ICSs use and respiratory
infections is especially important to avoid further asthma exacerbations. Our study can
contribute to a better management of asthma and C. pneumoniae infections, and it could
assist therapeutic choices.
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Abstract:  Medications  for  asthma  management  consisting  of  inhaled  corticosteroids  act  by 

controlling  symptoms.  However,  some  patients  do  not  respond  to  steroid  treatment  due  to 

immunological  factors  at  the  cytokine  level.  Chlamydia  pneumoniae  (C.  pneumoniae)  infection  is 

strongly  implicated  in asthma pathogenesis, causing altered  immune responses. We investigated 

the association of C. pneumoniae serostatus with the production of certain cytokines by peripheral 

blood mononuclear cells (PBMCs) of steroid‐resistant and ‐sensitive asthmatic patients. Our most 

important findings are the following: In the case of C. pneumoniae seropositive patients we detected 

pronounced spontaneous interleukin (IL)‐10 secretion and, in the case of steroid‐resistant patients, 

IL‐10 secretion was at a significantly higher level as compared with in‐sensitive patients (p < 0.01). 

Furthermore, steroid‐resistant seropositive patients produced a significantly higher level of IL‐10 

spontaneously  and  under  antigen  stimulation  as  compared with  steroid‐resistant  seronegative 

individuals  (p  <  0.05). Concerning  spontaneous  TNF‐α  secretion  by C.  pneumoniae  seropositive 

asthmatics, we observed that steroid‐resistant patients produced significantly more of this cytokine 

than  steroid‐sensitive patients.  In  the  steroid‐resistant patients’  sera, a  remarkably high MMP‐9 

concentration  was  associated  with  C.  pneumoniae  seronegativity.  Our  study  revealed  that  the 

differences in the cytokine production in steroid‐sensitive and ‐resistant asthmatic patients can be 

influenced by their C. pneumoniae serostatus.   

Keywords: C. pneumonia; cytokine; asthma; steroid‐resistant; infection 

 

1. Introduction 

Asthma  is a chronic airway disease associated with airway  remodeling,  reversible bronchial 

obstruction, and airway hyperresponsiveness  (AHR), and 1%  to 18% of  the global population are 

affected. Approximately 5% to 10% of asthmatic patients fail to fully respond to steroid therapy, and 

these patients also have higher mortality and morbidity rates [1]. A diagnosis of steroid resistance is 

made when patients exhibit <15% improvement in the forced expiratory volume in one second (FEV1) 

during post‐bronchodilator spirometry after 14 days of oral prednisolone therapy. Steroid resistance 

was first recognized in 1968 and several studies have since been performed in order to expand our 

understanding of the complex mechanisms resulting in steroid insensitivity [2]. Currently, there is 
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an emerging clinical need to identify the factors contributing to the disease pathogenesis, as severely 

steroid‐resistant asthmatic patients do not respond well to conventional therapies. A variety of factors 

such as infections and air pollution cause changes in cytokine production at the transcriptional and 

protein  level,  leading  to  steroid  resistance  [3–5].  Several  studies  have  confirmed  that  infections, 

particularly early‐life respiratory  infections, are  implicated  in the pathogenesis of steroid‐resistant 

asthma [6–8]. 

Chlamydia pneumoniae (C. pneumoniae) causes community‐acquired pneumonia and accounts for 

airway remodeling in chronic lung diseases [9]. Asthmatics with earlier C. pneumoniae infection are 

more likely to develop steroid‐resistant asthma, and their positive serostatus is associated with an 

increased severity of asthma and airway neutrophilia [10,11].   

Interleukin  (IL)‐10  is  an  anti‐inflammatory  cytokine  produced  by  regulatory  T  cells, 

macrophages, and even dendritic cells. It plays a crucial role in maintaining lung immune responses 

and  participates  in  asthma  pathogenesis  by  regulating  and  inhibiting Th2  responses. Asthmatic 

patients exhibit diminished IL‐10 production in bronchoalveolar lavage (BAL) fluids and, to the best 

of our knowledge, there are no congruent data about the IL‐10 production by the peripheral blood 

cells of these patients. In addition, IL‐10 secretion by circulating cells has not been investigated in 

relation to the use of inhaled corticosteroids [12,13]. We hypothesized that a previous C. pneumoniae 

infection can change cytokine pattern and have an impact on subsequent IL‐10 production with or 

without  specific  antigen  stimulation  of  cells  from  steroid  resistant  asthmatics.  IL‐10  regulates 

responses  of  immune  and  airway  cells  that  are  infected  by  C.  pneumoniae. A  former,  persistent 

infection can affect cytokine production through enhancing Toll‐like receptor  (TLR) signaling and 

nucleotide‐binding  oligomerization  domain‐like  receptor  family,  pyrin  domain‐containing  3 

(NLRP3)  activity.  TLR2,  4  signaling,  and NLRP3  activity  have  a  connection with  glucocorticoid 

resistance mechanisms, including changes in glucocorticoid receptor (GR) expressions and altered 

cytokine secretion [14,15]. To the best of our knowledge, there are no data about the differences in 

cytokine  production  between  asthmatics  related  to  Chlamydia  serostatus.  Consequently,  we 

hypothesized that determining IL‐10 responses in steroid‐resistant and ‐sensitive asthmatics proves 

that a former infection induces alterations in a different manner in asthma phenotypes.   

Tumor necrosis factor alpha (TNF‐α) responses play a significant role in AHR via eosinophil and 

neutrophil attraction, nuclear factor kappa B (NF‐κB) activation, production of adhesion molecules, 

and even myocyte proliferation [16]. All of these factors, along with immune and cytokine responses, 

can lead to the modification of GRs and changes in receptor affinity and binding capacity, resulting 

in reduced steroid responsiveness and a decline in lung function [17]. C. pneumoniae is able to induce 

TNF‐α production and trigger cellular proliferation, leading to decreased steroid responsiveness of 

peripheral blood mononuclear cells (PBMCs) [18]. A previous C. pneumoniae infection could have a 

long‐term effect on TNF‐α response, hence, we investigated TNF‐α secretion by PBMCs of Chlamydia‐

specific IgG negative and positive patients. 

Matrix metalloproteinases  (MMPs)  and  their  inhibitors  are  involved  in  the  changes  of  the 

extracellular  matrix  and  determine  airway  epithelium  thickness. MMP‐9  has  a  pivotal  role  in 

remodeling and was the first to be investigated in asthma. Elevated MMP levels, particularly MMP‐

9, are detected in the BAL fluids and even in the sera of asthmatic patients [19,20]. Rödel et al. found 

increased MMP‐1 and ‐3 production due to C. pneumoniae infection in smooth muscle cells [21]. C. 

pneumoniae affects MMP‐9 and tissue inhibitor of metalloproteinase‐1 (TIMP‐1) production by PBMCs 

and weakens  the  impact of glucocorticoids on  the  secretion of MMPs  [22]. The  levels of MMP‐9 

inhibitor, TIMP‐1, can be altered in asthmatics, however, the relationship with infections are not well 

studied. As corticosteroids do not normalize the elevated MMP‐9 levels [23], we hypothesized that 

C. pneumoniae  infection has a long‐term effect  in asthmatics and can lead to differences in MMP‐9 

level between steroid‐resistant and ‐sensitive patients. There are no data regarding this association. 

MMP‐9 seemed to be differentially released in exhaled condensates from asthmatics and based on 

this phenomenon, we  can determine different  biological phenotypes  of  asthma  that  can  help  to 

monitor diseases severity [24]. On the basis of the above‐mentioned results, our aim was to compare 
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MMP‐9 levels in steroid‐resistant and ‐sensitive asthmatic patients’ sera which could contribute to a 

better understanding of steroid‐resistant asthma features. 

Taken  together,  IL‐10  and TNF‐α  cytokine production  by PBMCs  of  steroid‐sensitive  and  ‐

resistant asthmatic patients have not been analyzed without and with antigen stimulation in relation 

to their C. pneumoniae serostatus. As C. pneumoniae is involved in asthma exacerbation, as well as in 

persistent  infections,  it  can  have  a momentous  impact  on  the  cytokine  production  in  asthmatic 

patients. The long‐term effects of chronic C. pneumoniae infection on cytokine production in patients 

with  asthma  remain unclear. MMP‐9  is  implicated  in  the  remodeling process of  the  lung  and  is 

believed to be influenced by C. pneumoniae infection. As there are no data available regarding MMP‐

9  levels  in  steroid‐sensitive  and  ‐resistant  asthmatics, we  intended  to  define  differences  in  the 

patients’ sera according to the C. pneumoniae serostatus and steroid responsiveness. The primary aim 

of  this  research was  to  find  differences  in  steroid‐resistant  and  ‐sensitive  patients  related  to  C. 

pneumoniae serostatus.   

2. Results 

2.1. Patient Characteristics and Demographics 

In this study, 40 steroid‐sensitive asthmatic patients (65% female, 35% male, with a mean age of 

59 years) and 40 steroid‐resistant asthmatic patients (68% female, 32% male, with a mean age of 63 

years) were  enrolled.  Steroid  resistance was defined  by  the  following  criterion: Patients did not 

achieve >15% improvement in the FEV1 value after 14 days of oral prednisolone (40 mg/day) therapy. 

In accordance with our expectations, the steroid‐resistant group exhibited significant differences in 

dynamic lung volumes (Table 1). The steroid‐resistant group had a mean FEV1 value of 56% ± 0.2%, 

with a significant difference as compared with the sensitive group with a mean FEV1 value of 72% ± 

0.22% (p = 0.01). The ICSs used were budesonide/formoterol dry powder inhaler (daily doses ranging 

from 400 to 1280 μg), cyclesonide hydrofluoroalkane (HFA) (daily doses ranging from 320 to 640 μg), 

fluticasone  propionate/salmeterol  HFA  (daily  doses  ranging  from  500  to  1000  μg),  and 

beclomethasone dipropionate/formoterol HFA  (daily doses  ranging  from  400  to  1000  μg).  In  the 

sensitive group, 50% of patients received high daily ICS doses, while in the resistant group, 95% of 

patients used high dose ICS. Steroid doses were determined according to the GINA guideline [1]. 

Further clinical characteristics of asthmatic patients are provided  in Table 1. As controls, 40 non‐

asthmatic, healthy blood donors were selected.   

 

Table  1. Main  clinical  characteristics  and demographic data  of  the  steroid  sensitive  and  steroid‐

resistant patients. 

   
Steroid‐sensitive 

n=40 

Steroid‐resistant 

n=40 

p 

value 

Mean age (median)  59 (63)  63 (67)  0.13 

Gender 
male: 14 (35%), 

female: 26 (65%) 

male: 13 (32%), 

female: 27 (68%) 
‐ 

Smoking, mean py  n=15 (24, 5)  n=19 (31)  0.14 

Smoking status 

Never: 25 

Previously: 7 

Habitual: 8 

Never: 21 

Previously: 10 

Habitual: 9 

 

Atopic subjects (allergic rhinitis, sinusitis, 

nasal polyposis) 
n=22 (55%)  n=25 (63%)  ‐ 

CHD  n=2 (5%)  n=17 (42%)  ‐ 

Blood eosinophilia  n=11 (27%)  n=17 (42%)  0.319 

FEV1 (L, %)  2.1±0.8 (72±0.2%)  1.4±0.6 (56±0.2%)  0.01 

FEV1 reversibility rate  15.2±2.6  12.6±3.3  0.41 
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(mean, %) 

FVC (L, %)  3.3±1.1 (92.8±24%)  2.5±0.9 (79.9±21%)  0.03 

FEV1/FVC (%)  65.4±11.3%  60.1±14.8%  0.09 

FEF25/75 (L/s)  1.4±0.8  0.8±0.4  0.004 

BMI (kg/m2)  29.4±8.1  27.6±5.1  0.3 

Asthma medications 

ICS: 8 patients 

ICS/LABA: 32 

patients 

SABA: 28 patients 

LTI: 20 patients 

ICS/LABA: 40 

patients 

LAMA: 8 patients 

SABA: 31 patients 

LTI: 27 patients  

 

 

BMI, body mass index; CHD, coronary heart disease; FEF 25/75, forced expiratory flow at 25% 

to 75% of the pulmonary volume; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; 

ICS; inhaled corticosteroid; LABA, long‐acting β‐agonist; LTI, leukotriene inhibitor; py, pack year; 

SABA; short‐acting β‐agonist. 

2.2. C. pneumoniae‐Specific Serological Status of Asthmatic Patients 

First, we assayed the serum samples for the presence of C. pneumoniae‐specific IgG to determine 

the  seropositivity  rate  in  each  group.  The  control  group  representing  the  average  Hungarian 

population  exhibited  a  67%  seropositivity  rate. Surprisingly, we observed  a  lower C.  pneumoniae 

seropositivity  rate  in  asthmatic  patients  than  among  the  controls.  In  asthmatic  patients,  42%  of 

steroid‐sensitive and 47% of steroid‐resistant participants were C. pneumoniae IgG‐positive (Figure 1). 

 

 

Figure 1. C. pneumoniae serostatus of healthy blood donors (controls) and patients with asthma. 

C. pneumoniae serostatus was determined by an enzyme‐linked immunosorbent assay from the 

native blood samples from controls and steroid‐sensitive (SS) and steroid‐resistant (SR) asthmatics 

(C. pneumoniae seropositive (Cpn+) and C. pneumoniae seronegative (Cpn–)). 

2.3. IL‐10 Cytokine Production in Asthmatics in Response to Specific (C. pneumoniae) and Nonspecific 

phytohemagglutinin (PHA) Stimulation 

PBMCs  obtained  from  steroid‐resistant  and  ‐sensitive  asthmatics were  cultured with  the C. 

pneumoniae antigen or phytohemagglutinin (PHA); or were untreated.   

Untreated  PBMCs  from  C.  pneumoniae  seropositive,  steroid‐sensitive  patients  secreted  a 

significantly higher amount of IL‐10 than did those from the C. pneumoniae positive non‐asthmatic 

blood donors (0.17 ± 0.06 ng/ml versus 0.03 ± 0.01 ng/ml, p = 0.04). The same tendency was observed 

in the seropositive steroid‐resistant group, as their PBMCs spontaneously produced a higher amount 

of IL‐10 than did those of seropositive non‐asthmatic blood donors (0.41 ± 0.07 ng/ml versus 0.03 ± 

0.01 ng/ml, p = 0.0002) (Figure 2A).   
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Moreover,  significantly  higher  IL‐10  production  was  detected  without  stimulation  in  C. 

pneumoniae seropositive, steroid‐resistant patients than in steroid‐sensitive patients (0.41 ± 0.07 ng/ml 

vs. 0.17 ± 0.06 ng/ml, p = 0.002) (Figure 2A).   

Interestingly, when the PBMCs from C. pneumoniae seropositive individuals were cultured with 

C. pneumoniae antigen or PHA, no significant difference was observed between the asthmatic groups 

and the control group related to IL‐10 production (Figure 2A). 

Concerning steroid resistance, we compared IL‐10 production in C. pneumoniae seropositive and 

seronegative asthmatics. We found that in cases of seropositivity, steroid‐resistant patients exhibited 

significantly higher spontaneous IL‐10 cytokine release than did seronegative individuals (0.41 ± 0.07 

ng/ml vs. 0.25 ± 0.14 ng/ml, p = 0.02). Moreover, after specific C. pneumoniae antigen stimulation, 

significantly higher IL‐10  levels were found  in the seropositive steroid‐resistant group than  in the 

seronegative steroid‐resistant group (0.59 ± 0.18 ng/ml vs. 0.34 ± 0.13 ng/ml, p = 0.02). Regarding the 

cytokine  response  to nonspecific PHA  stimulation, we  observed no differences  related  to  the C. 

pneumoniae serostatus among steroid‐resistant asthmatics (Figure 2B).   

 

 

 

Figure 2. Effect of stimulation with C. pneumoniae and phytohemagglutinin (PHA) on interleukin (IL)‐

10 secretion. 

Human peripheral blood mononuclear cells (PBMCs) were obtained from steroid‐resistant (SR) 

and steroid‐sensitive (SS) asthma patients and healthy blood donors (controls) with C. pneumoniae 

seropositivity (Cpn+) and seronegativity (Cpn–) as follows:   

(A)  IL‐10  concentrations  were  determined  by  enzyme‐linked  immunosorbent  assay  and 

expressed as ng/ml (mean ± SD) in the C. pneumoniae seropositive groups.   
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(B) IL‐10 production by PBMCs of C. pneumoniae seropositive and seronegative SR patients as 

compared with controls (mean ± SD). Asterisks indicate significant differences (*p < 0.05, ** p < 0.01). 

2.4. TNF‐α Production in Asthmatics in Response to Specific (C. pneumoniae) and Nonspecific PHA 

Stimulation 

PBMCs obtained from asthmatics and cultured without stimulation produced a higher amount 

of TNF‐α than did those from non‐asthmatics, however these differences did not reach significance. 

PBMCs  from  C.  pneumoniae  seropositive  steroid‐resistant  participants  spontaneously  secreted  a 

higher level of TNF‐α than did seropositive steroid‐sensitive patients (0.23 ± 0.16 ng/ml vs. 0.08 ± 0.06 

ng/ml, p = 0.05) (Figure 3). 

In response to specific and nonspecific treatments, in C. pneumoniae seropositive asthmatics there 

was no significant difference in the secreted TNF‐α levels between the steroid‐sensitive and ‐resistant 

groups. 

 

Figure 3. C. pneumoniae and PHA induced TNF‐α production of PBMCs from seropositive control and 

asthmatic participants. 

Tumor  necrosis  factor‐alpha  (TNF‐α)  content  of  the  supernatants  of  peripheral  blood 

mononuclear  cells  (PBMCs)  from  seropositive  steroid‐sensitive  (SS)  and  steroid‐resistant  (SR) 

asthmatic patients and healthy blood donors (controls). TNF‐α concentrations were determined by 

enzyme‐linked immunosorbent assay and expressed as ng/ml (mean ± SD). Significant differences 

are labelled with asterisks, * p < 0.05. 

2.5. MMP‐9 Production in Steroid‐Sensitive and Steroid‐Resistant Asthmatic Patients 

The  serum  level  of MMP‐9 was measured  in  C.  pneumoniae  seropositive  and  seronegative 

steroid‐sensitive and steroid‐resistant asthmatics. A significant difference in the serum MMP‐9 level 

was observed among the steroid‐resistant participants. C. pneumoniae seronegative patients exhibited 

significantly  increased  serum  levels  of MMP‐9  as  compared with  those  found  in C.  pneumoniae 

seropositive asthmatics (p = 0.01, 1.46 ± 1.124 ng/ml vs. 0.528 ± 0.193 ng/ml) However, this difference 

was not observed among steroid‐sensitive patients. In association with C. pneumoniae seronegativity, 

a statistically significantly higher MMP‐9 level was found in the sera of steroid‐resistant patients than 

in steroid‐sensitive patients (1.46 ± 1.125 ng/ml vs. 0.87 ± 0.49 ng/ml, p = 0.04) (Figure 4).   
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Figure 4. Serum matrix metalloproteinase (MMP)‐9 levels in patients with asthma. 

MMP‐9 levels were measured in steroid‐sensitive (SS) and steroid‐resistant (SR) C. pneumoniae 

seropositive  (Cpn+)  and  seronegative  (Cpn–)  asthmatic  patients  using  an  enzyme‐linked 

immunosorbent assay. Data are expressed as ng/ml (mean ± SD). Significant differences are labelled 

with asterisks, * p < 0.05 and ** p = 0.01 

3. Discussion 

Asthma is a heterogeneous, reversible, obstructive lung disease with systemic immunological 

features and variable phenotypes. In this study, we examined cytokine responses in asthmatic patents 

with different asthmatic phenotypes  in relation  to  their steroid  responsiveness and C. pneumoniae 

serological status. We aimed to determine whether steroid‐resistant asthmatics and steroid‐sensitive 

patients differ only in treatment responsiveness and clinical features, or in the cytokine response to 

the presence of specific antigens as well. Therefore, we  investigated  the  in vitro IL‐10 and TNF‐α 

responses  of  C.  pneumoniae  seropositive  and  seronegative  steroid‐resistant  and  steroid‐sensitive 

asthmatic  patients’  PBMCs  to  a  polyclonal mitogen  and  C.  pneumoniae  antigen. Moreover,  we 

examined MMP‐9 blood  serum  levels  in association with  their C. pneumoniae  serostatus  to detect 

differences between steroid‐resistant and ‐sensitive asthmatics.   

We hypothesized  that  a prior C. pneumoniae  infection has an  impact on  IL‐10 production  in 

asthmatic patients. We examined cytokine production under different stimuli in steroid‐resistant and 

steroid‐sensitive  patients. Untreated  PBMCs  from C.  pneumoniae  seropositive  patients  secreted  a 

higher level of IL‐10 than did those from controls. These data correspond to the fact that higher serum 

IL‐10 levels were observed in asthmatics than in controls [25]. Our results indicated that increased 

IL‐10 responses are derived from PBMCs, indicating that in asthma pathogenesis, systemic immune 

responses can alter disease severity and clinical features.   

In  the C. pneumoniae seropositive groups, we detected greater spontaneous  IL‐10 secretion  in 

steroid‐resistant individuals than in steroid‐sensitive individuals. Additionally, PBMCs from steroid‐

resistant C. pneumoniae seropositive asthmatics produced significantly higher IL‐10 responses when 

untreated  and under C.  pneumoniae  stimulation,  supporting  the notion  that  earlier C.  pneumoniae 

infection contributes to an altered IL‐10 response in steroid‐resistant asthmatics. In contrast, we did 

not observe a  similar  tendency  in steroid‐sensitive patients,  reflecting  the distinct  immunological 

features in steroid‐resistant participants.   

In  asthmatics,  there  is  a  positive  correlation  between  disease  severity  and  the  IL‐10  level. 

Accordingly, patients with asthma exhibit a higher IL‐10 serum level than that of healthy individuals 

[26]. Glucocorticoids enhance IL‐10 secretion and Treg functions, consequently, in steroid‐resistant 

asthmatics, these effects cannot be observed clearly. However, it is well‐known that IL‐10 responses 

can be reversed and steroid responsiveness can be repaired in steroid‐resistant asthmatics [27]. The 

precise role of IL‐10 is unclear in asthma pathogenesis, particularly, in steroid‐resistant asthmatics, 
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and appears to be pleiotropic. One study revealed that under dexamethasone stimulation, CD4+ T 

cells from patients with steroid‐resistant asthma failed to induce IL‐10 synthesis [28]. To the best of 

our knowledge, IL‐10 production by PBMCs from asthmatic patients under different stimuli have not 

been studied in relation to the C. pneumoniae serostatus and steroid responsiveness. Collectively, our 

data  indicate  that  a  previous  C.  pneumoniae  infection  can  affect  IL‐10  secretion  by  PBMCs  in 

asthmatics  and  raise  further  demand  to  analyze  immune  response  differences  between  steroid‐

sensitive and ‐resistant patients.   

Related  to  the TNF‐  response,  in  this study, we  found only one significant difference  in C. 

pneumoniae seropositive asthmatics. PBMCs from steroid‐resistant patients spontaneously secreted 

significantly higher levels of TNF‐α than did those of steroid‐sensitive patients, however, under C. 

pneumoniae stimulation no significant differences were detected between healthy volunteers, steroid‐

sensitive,  and  steroid  resistant  asthmatics.  In  contrast,  pediatric  patients  with  asthma  have 

demonstrated  a  possibly  altered  ineffective  Th1  immune  response,  resulting  in  lower  TNF‐

responses from C. pneumoniae infected PBMCs [29]. Differences among adult asthmatics have also 

been demonstrated under specific circumstances such as pregnancy [30]. These findings point out the 

possibility of impaired cytokine responses under determined factors that can interfere with asthma 

pathogenesis and C. pneumoniae infection [31]. 

Undoubtedly, former studies have revealed that TNF‐α plays a central role in the pathogenesis 

of refractory asthma, particularly, in the remodeling process and steroid responsiveness. A higher 

TNF‐α level was observed in BAL fluid and in the peripheral blood in asthmatics as compared with 

healthy controls  [32]. The TNF‐α axis contributes  to activation of NF‐κB, and  therefore promotes 

proinflammatory cytokine expression. TNF‐α induces the recruitment of eosinophil and neutrophil 

cells and plays a role in airway remodeling and decreased glucocorticoid response via cellular and 

immune  responses  [16,33].  C.  pneumoniae  is  also  involved  in  refractory  asthma,  as  it  alters  the 

apoptosis process of infected cells and prolongs cell survival leading to airway structure changes. 

Cho  et al. demonstrated  that C. pneumoniae‐infected PBMCs promoted  cell proliferation  in a Th2 

microenvironment and T lymphocytes were resistant to the proapoptotic effect of glucocorticoids. 

These results were attributable to TNF‐α axis activation and its modified function [18]. 

It  is  well‐known  that  MMPs  are  involved  in  extracellular  matrix  changes  and  cytokine 

regulation. Moreover, MMP‐9 levels correlate with lung function parameters, for example, FEV1 [34]. 

It is worth noting that pivotal differences in exhaled MMP‐9 levels were detected in mild/moderate 

eosinophilic,  severe  eosinophilic,  and  severe  neutrophilic  asthmatics,  indicating  an  association 

between asthma severity and airway remodeling [24]. 

The effect of  corticosteroids on MMP‐9 production  is controversial.  Inhaled  steroids did not 

reduce  the  exhaled MMP‐9  rate  [34],  and  this  trend was  also  observed  in BAL  fluids  of  steroid 

responder and non‐responder patients with asthma [35]. A previous study revealed no difference 

between C. pneumoniae infected and uninfected PBMCs regarding MMP‐9 production. However, C. 

pneumoniae  infection  increased  TIMP‐1  secretion,  leading  to  a  decreased MMP‐9/TIMP‐1  ratio. 

Moreover, dexamethasone treatment resulted in a further reduction of this ratio [22]. In this study, 

we measured the serum MMP‐9 levels to define differences related to the C. pneumoniae‐specific IgG 

serostatus and  steroid  responsiveness. Steroid‐resistant C. pneumoniae  seropositive patients had a 

lower MMP‐9 level than did seronegative patients. In addition, C. pneumoniae seronegative steroid‐

resistant  patients  had  significantly  higher MMP‐9  levels  than  did  steroid‐sensitive  individuals, 

indicating  the  probable  intensified  remodeling  process.  Former  studies  have  revealed  a  strong 

association  between MMP‐9  expression  and  C.  pneumoniae  infection  in  atherosclerotic  plaques; 

moreover, Paolillo et al. observed  increased MMP‐9 production  in C. pneumoniae‐infected human 

endothelial cells  [36,37].  In addition,  it  is well‐known  that MMP‐9 plays a detrimental role  in  the 

pathogenesis of allergic airway diseases [38,39]. Nevertheless, the punctual effect of C. pneumoniae on 

MMP‐9  production  in  bronchial  epithelial  cells  and  alveolar macrophages  remains  unclear  and 

further studies are needed to define the role of C. pneumoniae in MMP‐9 secretion and lung fibrosis.   

Taken together, our findings revealed unknown features of asthmatic patients and strengthened 

the  line  of  evidence  that  former  infection  could  affect  asthma mechanisms.  To  the  best  of  our 
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knowledge,  this  is  the  first  study  that  compared  asthmatic  patients  on  the  basis  of  steroid 

responsiveness and C. pneumoniae seropositivity. In summary, we emphasize the following milestone 

results:  (i)  In  steroid‐sensitive C.  pneumoniae positive patients  a  significant  IL‐10 production was 

observed as compared with control individuals; (ii) similar differences were found in spontaneous 

IL‐10 secretion of PBMCs from seropositive steroid‐resistant asthmatics; (iii) like resistant asthmatics, 

we found a significantly higher IL‐10 production without treatment and under C. pneumoniae stimuli 

in  seropositive patients  as  compared with  seronegative  individuals;  (iv)  additionally,  this  study 

raised  that  seropositive  steroid‐resistant  asthmatics  expressed  a  significantly  higher  level  of 

spontaneous TNF‐α  than  steroid‐sensitive asthmatics;  (v) significantly higher MMP‐9  levels were 

found in steroid‐resistant seronegative patients than seropositive patients; and (vi) the same trend 

was also seen as compared with seronegative steroid‐sensitive participants.   

4. Materials and Methods   

4.1. Study Population and Participants 

Eighty adult patients with asthma were recruited from the outpatient departments and inpatient 

wards at the Department of Pulmonology (University of Szeged, Hospital of Chest Diseases, Deszk). 

The inclusion criteria included clinically stable asthma, persistent asthma symptoms, inhaled steroid 

use, absence of current exacerbation, and complete follow‐up periods. The exclusion criteria included 

a  history  of HIV  infection,  current  viral  or  bacterial  infections,  chronic  immunosuppression  or 

autoimmune  disease,  cancer,  systemic  intravenous  corticosteroid  use  (in  the  past  30  days),  and 

antibiotic treatment (in the past 30 days). As a control group, 40 non‐asthmatic, healthy blood donors 

without obstructive lung diseases, nasal polyposis, allergic rhinoconjunctivitis, cancer, chronic heart 

disease, autoimmune diseases, and immunosuppression were selected. Patients’ demographic and 

clinical  characteristics were  recorded.  To  investigate  cytokine production,  5 ml  native  and  5 ml 

unfractionated  heparin  anticoagulated  blood  samples  were  collected  from  each  patient.  Before 

collecting blood samples from the patients with asthma, post‐bronchodilator tests were performed. 

After  administering  400  μg  inhaled  salbutamol,  dynamic  lung  volumes  (the  FEV1,  forced  vital 

capacity  [FVC], FEV1/FVC, and  forced  expiratory  flow at 25%  to 75% of  the pulmonary volume 

[FEF25/75]) were measured.  Spirometry was  carried  out  using  a Carefusion MasterScreen  Body 

Plethysmograph (Sentrysuite software 2.13). 

Asthmatic and control patients were not  involved  in  the development,  implementation, and 

interpretation of  the  study. Our  study was undertaken  in  accordance with  the Regional Human 

Biomedical  Research  Ethics  Committee,  University  of  Szeged  (WHO‐3220,  77/2013,  27/05/2013). 

Patients received written and verbal information about the purpose of blood sampling. All patients 

volunteered and their written informed consents were obtained.   

4.2. C. pneumoniae‐Specific Enzyme‐Linked Immunosorbent Assay 

C. pneumoniae‐specific antibodies  from  the patients and  the controls were detected using  the 

“NovaLisa TM Chlamydia pneumoniae” enzyme‐linked  immunosorbent assay  [ELISA] kit  (Nova 

Tec  Immundiagnostica  GmbH,  Germany).  Fifty‐fold  diluted  sera  were  tested  in  duplicate  in 

accordance  with  the  manufacturer’s  instructions  for  the  presence  of  C.  pneumoniae‐specific 

immunoglobulin (Ig) G. 

4.3. Preparation of the C. pneumoniae Antigen 

C. pneumoniae CWL29 (ATCC, US) elementary bodies (EBs) were purified from infected Hep2 

cells (ECACC, London, UK) by density gradient centrifugation and inactivated with formaldehyde 

treatment, as described by Penttila et al. [40]. The protein content of the antigen was measured by 

spectrophotometry, and the antigen was stored at –80 °C until use.   
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4.4. Separation and Stimulation of PBMCs 

PBMCs from 10 ml heparinized blood were separated using Ficoll gradient (Sigma), 5 × 105 cells 

in three parallel wells were incubated in the presence of 2 μg/ml C. pneumoniae antigen or 10 μg/ml 

polyclonal mitogen (phytohemagglutinin, PHA) or left untreated in 200 l RPMI medium containing 

10% fetal bovine serum supplemented with glutamine, non‐essential amino acids, gentamycin, and 

fluconazole. Supernatants of the stimulated wells were harvested 48 h after treatment, aliquoted, and 

stored at –80 °C until performing the cytokine ELISA. 

4.5. Cytokine ELISA 

The supernatants of the stimulated or untreated PBMCs were centrifuged (5 min, 1200 rpm) and 

assayed for the concentrations of IL‐10 and TNF‐ using Human Mini ELISA Development cytokine 

kits (PeproTech), while the quantity of MMP‐9 in the sera was determined using the human MMP‐9 

ELISA kit (Sigma). The sensitivities of the IL‐10, TNF‐ and MMP‐9 measurements were in the range 

of 23 to 3000, 16 to 2000, and 8.23 to 6000 pg/ml, respectively. The clarified supernatants and sera 

were tested in duplicate in accordance with the manufacturer’s instructions. 

4.6. Statistical Analysis   

Statistical  analysis  of  the  data was  carried  out  using  SigmaPlot  for Windows Version  11.0 

software,  using  the  Wilcoxon–Mann–Whitney  two‐sample  test.  Differences  were  considered 

statistically significant at p < 0.05. 

5. Conclusions 

In summary,  this study provides novel data about  the different cytokine secretion of PBMCs 

from steroid‐resistant and  ‐sensitive asthmatic patients with or without stimulation. Our  findings 

suggest  that steroid  resistance  is associated with altered cytokine production based on Chlamydia 

pneumoniae serostatus. Our investigations support the heterogeneous features of asthma disease and 

contribute to define better steroid‐resistant asthmatic characteristics at the cytokine level. Currently, 

there is increasing demand to use immunotherapy in asthma management based on the inhibition of 

Th2  cytokines  or  IgE  [41,42].  Consequently,  there  is  an  emerging  need  to  determine  the 

immunological  phenotypes  of  asthma,  and  therefore  understand  the  pitfalls  of  conventional 

therapies. As our  research was not without  limitations,  further studies are  required  to define  the 

precise mechanisms underlying infection‐mediated asthma and the long‐term effect of persistent C. 

pneumoniae infection.   
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