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A B S T R A C T   

Chlamydia trachomatis, the main cause of bacterial sexually transmitted diseases, is responsible for severe 
reproductive sequelae. Amongst all the cytokines involved in host immunity towards this pathogen, IFN-ε has 
recently acquired importance for its potential contribution to the female reproductive tract innate defenses. 
Herein, our study aimed to explore, for the first time, the activity of IFN-ε toward C. trachomatis in an in vitro 
infection model, by testing its effects on the different phases of chlamydial developmental cycle, as well as on the 
ultrastructural characteristics of chlamydial inclusions, via transmission electron microscopy. Main result is the 
capability of IFN-ε to alter C. trachomatis growth, as suggested by reduced infectious progenies, as well as a 
patchy distribution of bacteria and altered morphology of reticulate bodies within inclusions. In conclusion, our 
results suggest that IFN-ε could play a role in the innate and adaptive immune defenses against C. trachomatis; in 
the future, it will be needed to investigate its activity on an infection model more closely resembling the 
physiological environment of the female genital tract.   

1. Introduction 

Chlamydia trachomatis is the leading cause of bacterial sexually 
transmitted diseases, with more than 130 million new cases worldwide, 
according to the most recent World Health Organization (WHO) esti
mates [1,2]. C. trachomatis genital infection is mainly responsible for 
urethritis and cervicitis in women, and urethritis in men, although more 
than 90% of all cases in women and 50% in men are asymptomatic, and, 
hence, untreated, leading to severe reproductive sequelae such as pelvic 
inflammatory disease (PID) and ectopic pregnancy in women, prostatitis 
and orchitis in men, as well as infertility in both genders [3–6]. 

C. trachomatis is an obligate intracellular bacterium with a unique 
biphasic developmental cycle, occurring into a phagocytic vacuole 
termed inclusion and alternating between the extracellular infectious 
elementary body (EB), responsible for adhesion and invasion into the 
host cell, and the intracellular replicative reticulate body (RB), respon
sible for multiplication within the inclusion [7,8]. Under stressful 

growth conditions, such as, for example, interferon (IFN)γ exposure, 
C. trachomatis has been demonstrated to alter its biological state to 
generate viable but non-cultivable forms called persistent forms [9–11], 
able to evade the host immune response and more difficult to eradicate 
by antibiotics [12–15]. 

The host innate immune response in the reproductive tract repre
sents the first line of defense against bacterial infections and, amongst all 
of the inflammatory cytokines involved, type-I and II Interferons 
(IFN–I/-II) play an important role in the defense against C. trachomatis 
[16,17]. Generally, following C. trachomatis infection, target cells 
secrete IFN-I, primarily the most extensively studied IFNα subtypes and 
IFNβ, that promotes the recruitment of T-lymphocytes and other in
flammatory cells [18,19]. Their increase in response to C. trachomatis 
genital infection leads to the synthesis of IFNγ, an IFN-II, known as the 
predominant response for the clearance of C. trachomatis [20,21], as 
evidenced by several in vivo and in vitro studies [22–27]. 

Amongst the other less common IFNs belonging to the IFN-I family, 

* Corresponding author. 
E-mail addresses: simone.filardo@uniroma1.it (S. Filardo), marisa.dipietro@uniroma1.it (M. Di Pietro), giuseppina.bozzuto@iss.it (G. Bozzuto), matteo.fracella@ 

uniroma1.it (M. Fracella), camilla.bitossi@uniroma1.it (C. Bitossi), agnese.molinari@iss.it (A. Molinari), carolina.scagnolari@uniroma1.it (C. Scagnolari), guido. 
antonelli@uniroma1.it (G. Antonelli), rosa.sessa@uniroma1.it (R. Sessa).   

1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Microbial Pathogenesis 

journal homepage: www.elsevier.com/locate/micpath 

https://doi.org/10.1016/j.micpath.2023.106427 
Received 11 September 2023; Received in revised form 24 October 2023; Accepted 25 October 2023   

mailto:simone.filardo@uniroma1.it
mailto:marisa.dipietro@uniroma1.it
mailto:giuseppina.bozzuto@iss.it
mailto:matteo.fracella@uniroma1.it
mailto:matteo.fracella@uniroma1.it
mailto:camilla.bitossi@uniroma1.it
mailto:agnese.molinari@iss.it
mailto:carolina.scagnolari@uniroma1.it
mailto:guido.antonelli@uniroma1.it
mailto:guido.antonelli@uniroma1.it
mailto:rosa.sessa@uniroma1.it
www.sciencedirect.com/science/journal/08824010
https://www.elsevier.com/locate/micpath
https://doi.org/10.1016/j.micpath.2023.106427
https://doi.org/10.1016/j.micpath.2023.106427
https://doi.org/10.1016/j.micpath.2023.106427
http://creativecommons.org/licenses/by/4.0/


Microbial Pathogenesis 185 (2023) 106427

2

IFN-ε has acquired importance, in recent years, as it may also contribute 
to the first line of defense against C. trachomatis. Interestingly, IFN- 
ε-deficient mice have been demonstrated to possess increased suscepti
bility to vaginal infections by sexually transmitted pathogens, like 
C. muridarum [28]. Unlike IFN-α and IFN-β, IFN-ε is constitutively 
expressed in various mucosal tissues [29–31]. Specifically, it is highly 
expressed in the epithelial cells of the female reproductive tract, espe
cially in the uterus, cervix, vagina, and ovary [32,33], it is also corre
lated to the estrous cycle, since estrogen is able to induce its synthesis, 
decreases during pregnancy, and persists throughout the course of an 
infection [30]. 

Therefore, this raises the interesting question of whether IFN-ε may 
possess anti-microbial activity towards C. trachomatis, potentially lead
ing to the clearance of the genital infection. On this regard, it has been 
investigated, for the first time, its effects in the different phases of 
chlamydial developmental cycle. 

2. Materials and methods 

2.1. Reagents and cell lines 

Escherichia coli-derived human IFN-ε protein Leu22-Arg208 
(Cys175Ser), with a predicted molecular mass of 23 kDa (kDa) and an 
N-terminal Met and a C-terminal 6-His tag (R&D Systems, Inc. a Bio- 
Techne Brand, Minnesota, USA) has been used in this study. 

McCoy cell line (ECACC, Public Health England, catalogue number 
90010305, Porton Down, Salisbury, UK) were grown in Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% Foetal Bovine 
Serum (FBS) at 37 ◦C in a humidified atmosphere with 5% CO2. Upon 
confluency (>85%), cells were passaged with brief trypsinization. 

2.2. Propagation and titration of C. trachomatis 

C. trachomatis serovar D strain UW3 (VR-855, ATCC, Manassa, VA, 
USA) was propagated in McCoy cells, as previously described [7]. 
Briefly, confluent McCoy cell monolayers were infected with chlamydial 
EBs by centrifugation at 754×g for 30 min, and then harvested by 
scraping after 44 h post infection. The resulting suspension was, then, 
vortexed with sterile glass beads for 2 min and the supernatant, con
taining chlamydial EBs, was added to equal volume of 4 × Sucrose 
Phosphate (4SP) buffer, and stored at − 80 ◦C. 

For C. trachomatis titration, McCoy cell monolayers were infected 
with 10-fold serial dilutions of bacterial stock, incubated for 48 h at 
37 ◦C, fixed with methanol and stained with isothiocyanate-conjugated 
monoclonal antibody anti-C. trachomatis LPS (Merifluor® Chlamydia, 
Meridian Bioscience Inc., Cincinnati, OH, USA), as previously described 
[34]. The total number of C. trachomatis Inclusion Forming Units (IFUs) 
was enumerated by counting all microscope fields using a fluorescence 
microscope (400 × magnification). 

2.3. Interferon-ε cytotoxicity 

Confluent McCoy cell monolayers, grown on 96 wells cell culture 
trays, were incubated with increasing concentrations of IFN-ε (10 ng/ 
mL, 50 ng/mL, 100 ng/mL and 150 ng/mL) in DMEM supplemented 
with 10% FBS at 37 ◦C in humidified atmosphere with 5% CO2. After 24 
h, the number of viable cells was determined via MTT (3-(4,5-dime
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) assay, as 
previously described [35,36]. 

2.4. Effects of IFN-ε on the different phases of C. trachomatis 
developmental cycle 

IFN-ε was tested at different concentrations (25 ng/mL, 50 ng/mL, 
and 100 ng/mL) for its anti-chlamydial activity on the different phases 
of C. trachomatis developmental cycle, specifically the chlamydial EBs 

pre-treatment with IFN-ε, McCoy cell monolayers pre-incubation with 
IFN-ε followed by C. trachomatis EBs infection, and treatment of McCoy 
cell monolayers infected with C. trachomatis EBs. 

2.4.1. Pre-treatment of C. trachomatis EBs with IFN-ε 
C. trachomatis (5 000 EB/mL, corresponding to a multiplicity of 

infection, MOI, of 0.05), were pre-incubated in DMEM supplemented 
with 10% FBS, in the absence or presence of IFN-ε (25 ng/mL, 50 ng/mL 
and 100 ng/mL), for 2 h at 37 ◦C in humidified atmosphere with 5% 
CO2. Subsequently, C. trachomatis EBs suspension was used to infect 
McCoy cell monolayers grown as above described. Subsequently, the 
cells were washed with DPBS to remove non-internalized C. trachomatis 
EBs and newly incubated in fresh culture medium, consisting of DMEM 
supplemented with 10% FBS. After 44 h post infection at 37 ◦C and 5% 
CO2, the total number of C. trachomatis IFU was determined by immu
nofluorescence assay (IFA), as above described. 

2.4.2. Pre-incubation of McCoy cell monolayers with IFN-ε 
McCoy cell monolayers, grown on glass coverslips in 24 wells cell 

culture trays, were pre-incubated in DMEM supplemented with 10% 
FBS, in the absence or presence of IFN-ε (25 ng/mL, 50 ng/mL and 100 
ng/mL). After 24 h of incubation at 37 ◦C and 5% CO2, IFN-ε was 
removed by washing the cells 3 times with DPBS, and, subsequently, pre- 
incubated and control McCoy cell monolayers were infected with 
C. trachomatis at a MOI of 0.05 as above described. After 44 h post 
infection at 37 ◦C and 5% CO2, the total number of C. trachomatis IFU 
was determined by IFA. 

2.4.3. Treatment of C. trachomatis-infected McCoy cell monolayers with 
IFN-ε 

McCoy cell monolayers, grown on glass coverslips in 24 wells cell 
culture trays, were infected with C. trachomatis at a MOI of 0.05, as 
above described. Subsequently, the cells were washed with DPBS to 
remove non-internalized C. trachomatis EBs and fresh medium, with or 
without IFN-ε (25 ng/mL, 50 ng/mL and 100 ng/mL), was added to the 
infected cells. After 44 h post infection at 37 ◦C and 5% CO2, the total 
number of C. trachomatis IFU was determined by IFA. 

2.5. Assessment of C. trachomatis infectious progeny after IFN-ε 
treatment 

McCoy cell monolayers, grown on glass coverslips in 24 wells cell 
culture tray, were infected with C. trachomatis EBs at a MOI of 0.05 and 
then treated with IFN-ε at the highest concentration tested (100 ng/mL) 
as described above. Subsequently, infectivity yield was determined by 
the development of inclusions after passage to fresh McCoy cell mono
layers. Briefly, C. trachomatis-infected McCoy cell monolayers, with or 
without IFN-ε, were disrupted by vortexing for 2 min with sterile glass 
beads and repassed onto fresh McCoy cell monolayers grown on glass 
coverslips in 24 wells cell culture tray. After 44 h of incubation at 37 ◦C 
and 5% CO2, the total number of C. trachomatis IFU was determined by 
IFA. 

2.6. Transmission electron microscopy of C. trachomatis inclusions 
following IFN-ε treatment 

Confluent McCoy cell monolayers, grown in 25cm2 cell culture 
flasks, were infected with C. trachomatis at a MOI of 0.05 and then, 
treated with IFN-ε (100 ng/mL). After 44 h of incubation at 37 ◦C and 
5% CO2, McCoy cells were fixed in 2% glutaraldehyde and 0.5% para
formaldehyde in 0.1 M sodium cacodylate buffer containing 3 mM CaCl2 
and 0.1 M sucrose (pH 7.4), at room temperature for 30 min, and stored 
at 4 ◦C. After overnight fixed cells were scraped, washed in 0.15 M so
dium cacodylate buffer containing 3 mM CaCl2 (pH 7.4) and centri
fuged. The pellets were resuspended and postfixed in 2% osmium 
tetroxide in 0.07 M sodium cacodylate buffer containing 1.5 mM CaCl2 
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(pH 7.4) at 4 ◦C for 2 h, dehydrated through graded ethanol concen
trations and embedded in Epon 812 resin (Electron Microscopy Science, 
Fort Washington, PA). Ultrathin sections, obtained with a Leica UC6 
ultramicrotome (Leica Microsystems, Wetzlar, Germania), were con
trasted with UranyLess EM Stain (Electron Microscopy Sciences, Hat
field, PA) and lead citrate and examined with a Philips 208S 
transmission electron microscope (FEI Company, Eindhoven, The 
Netherlands). 

2.7. Statistical analysis 

All values are expressed as means ± standard deviation (SD) of two 
to four replicates from at least two independent in vitro experiments. 
Comparisons of means were performed by using a two-tailed Student t- 
test for independent samples. The single or multiple inference signifi
cance level was set to 5%. All statistical calculations and graphs were 
performed in the software Excel (Microsoft, USA, version 2302, build 
16130.20332). 

3. Results 

3.1. IFN-ε cytotoxicity 

As shown in Fig. 1, no statistically significant decrease in cell 
viability was observed for IFN-ε treatment of McCoy cell monolayers, at 
the concentrations 150 ng/mL, 100 ng/mL, 50 ng/mL and 5 ng/mL. 

3.2. Anti-chlamydial properties of IFN-ε 

First, the anti-chlamydial activities of IFN-ε were investigated to
ward the extracellular infectious bodies of C. trachomatis, pre-treated 
with IFN-ε at the following concentrations: 100 ng/mL, 50 ng/mL and 
25 ng/mL. The IFN-ε did not show the ability to interfere with the 
infectivity of C. trachomatis EBs, as evidenced by no statistically signif
icant reduction in the total number of chlamydial IFUs as compared to 
untreated chlamydial EBs, even at the highest concentration (100 ng/ 
mL, Fig. 2A). 

Then, the potential anti-chlamydial effects of IFN-ε (100 ng/mL, 50 
ng/mL and 25 ng/mL) were evaluated after incubating McCoy cells with 
IFN-ε, followed by C. trachomatis infection (pre-incubation phase), or 
after treating with IFN-ε of C. trachomatis infected cells (treatment 
phase). As shown in Fig. 2B, no statistically significant decrease in the 
total number of C. trachomatis IFUs was observed in the pre-incubation 
phase with all IFN-ε concentrations tested. A slight reduction in the 
number of C. trachomatis IFUs could be observed in the treatment phase, 

although it did not reach statistical significance. No statistically signif
icant effect on chlamydial inclusion size was observed in all treatment 
conditions. 

3.3. IFN-ε reduces C. trachomatis infectious progenies 

To investigate whether the IFN-ε treatment of C. trachomatis could 
impair the production of infectious EBs, the number of chlamydial in
fectious progenies was assessed following IFN-ε treatment at 100 ng/mL. 
As shown in Fig. 3, a statistically significant decrease in the number of 
infectious progenies was observed in cell monolayers infected with 
C. trachomatis and then treated with IFN-ε, resulting in a total number of 
chlamydial IFUs approximately 250 times lower than that in untreated 
C. trachomatis infected cells (p = 0.02), with a progeny number per EB of 
129.1 in untreated C. trachomatis, as compared to 0.92 in treated 
C. trachomatis (p = 0.02). 

To confirm that the decrease in infectious progeny number could be 
due to an impaired RB differentiation, transmission electron microscopy 
analysis of chlamydia infected cell was performed. As evidenced in 
Fig. 4, cells infected with C. trachomatis and treated with IFN-ε showed 
visible difference in distribution or morphology of chlamydial RBs and 
EBs within inclusions, as evidenced by few enlarged and morphologi
cally aberrant bodies and reduced bacterial density, as compared to 
untreated cells infected with C. trachomatis (Fig. 4). 

4. Discussion 

The main result of our study is the demonstration of IFN-ε capability 
to alter C. trachomatis growth, as shown by a reduced production of 
infectious EBs and altered morphology of inclusions. Indeed, a decrease 
of more than 200 times in the infectious progeny number were observed 
in the presence of IFN-ε, alongside few enlarged and morphologically 
aberrant bodies, as well as heterogeneous distribution of chlamydial RBs 
and EBs within inclusions. 

The compelling anti-chlamydial properties of IFN-ε observed in our 
study suggest that this cytokine might play a role in the clearance of 
C. trachomatis genital infection. This protective effect has also been 
observed against other sexually transmitted pathogens, like Herpes 
Simplex Virus-2 (HSV-2) and C. muridarum [28], as well as HIV and Zika 
virus infection [37–41]. Also, the observed decrease in the number of 
infectious EBs after treatment with IFN-ε might halt the dissemination of 
C. trachomatis in the host, leading to a lower severity of disease and risk 
for chronic reproductive complications. Our findings are also supported 
by an in vivo study, showing increased susceptibility to C. muridarum, 
typically used as murine model for C. trachomatis genital infection. 

Fig. 1. IFN-ε cytotoxicity. McCoy cells were overlayed with solutions containing decreasing concentrations of IFN-ε, from 150 ng/mL to 5 ng/mL, and then incubated 
for 24 h at 37 ◦C and 5% CO2. 
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Indeed, higher bacterial recovery was observed in the reproductive tract 
of IFN-ε-deficient mice throughout the course of the infection, accom
panied by a more severe course of the diseases, as compared to wild type 
mice [28]. 

In our study, no anti-microbial effects of IFN-ε were reported against 
the initial phases of chlamydial growth cycle, as also described in other 
bacterial and viral pathogens, like Mycobacterium tuberculosis, Simian 
immunodeficiency virus, Theiler’s murine encephalomyelitis virus, and 
Mengovirus infections [29,42]. On this regard, the plethora of different 
effects of IFN-ε towards C. trachomatis and other pathogens might be 
explained by a specific activity of IFN-ε in relation to the type of 
microorganism and highlights the complexity of the molecular and 
cellular events mediated by this cytokine. 

Overall, our results suggest that IFN-ε could be considered an 
important cytokine of the innate and adaptive immune defenses against 
C. trachomatis, similarly to IFN-γ, which is well known to play a key role 
in the clearance and protection against this pathogen [13,27]. IFN-γ and 
IFN-ε belong to two different IFN types an act via different mechanisms; 
IFN-γ reduces tryptophan availability through the upregulation of the 
enzyme indoleamine 2,3-dioxygenase (IDO), thus inhibiting chlamydia 
intracellular replication [43], whereas IFN-ε mostly activates JAK/STAT 

signalling and regulate the expression of IFN-regulated genes (IRGs), 
involved in antiviral activities and cell cycle regulation [44]. 

The main strength of our paper lies in the set-up of a C. trachomatis 
infection model using a McCoy fibroblast cell line that is known to not 
constitutively synthesize IFN-ε [30], allowing us to better investigate the 
potential anti-chlamydial effects of this cytokine [41]. Moreover, the 
range of concentrations (25–100 ng/mL) of IFN-ε assayed correspond to 
those of well characterized IFN-I, such as IFNα and β [45]. 

In the future, in order to deepen our knowledge on the interplay of 
IFN-ε and C. trachomatis, it will be needed to investigate its activity on an 
infection model more closely resembling the physiological environment 
of the female genital tract, via the adoption, for example, of in vitro 
models using cervical epithelial primary cells, or more complex tissue 
models including organoids. 

Funding 
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Fig. 2. IFN-ε activity against C. trachomatis. Pre-treatment of C. trachomatis EBs (A); pre-incubation and treatment phases (B). In the-pre-incubation phase, McCoy 
cells monolayers were first exposed to different concentrations of IFN-ε followed by C. trachomatis infection at a MOI of 0.05 (primary infection); in the treatment 
phase, McCoy cell monolayers were first infected with C. trachomatis at a MOI of 0.05 and then treated with different concentrations of IFN-ε. The total number of 
IFUs was enumerated after 44 h post infections via fluorescence microscopy. 
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