
Research Article
Chlamydia pneumoniae Interferes with Macrophage
Differentiation and Cell Cycle Regulation to Promote
Its Replication

Eveliina Taavitsainen-Wahlroos ,1 Ilkka Miettinen,1 Maarit Ylätalo ,1 Inés Reigada ,1

Kirsi Savijoki ,2 Tuula Anneli Nyman ,3 and Leena Hanski 1

1Drug Research Program, Division of Pharmaceutical Biosciences, Faculty of Pharmacy, University of Helsinki, Helsinki, Finland
2Department of Food and Nutrition, Faculty of Agriculture and Forestry, University of Helsinki, Helsinki, Finland
3Department of Immunology, University of Oslo and Oslo University Hospital, Norway

Correspondence should be addressed to Leena Hanski; leena.hanski@helsinki.fi

Received 16 December 2021; Revised 3 March 2022; Accepted 18 March 2022; Published 11 April 2022

Academic Editor: Barbara Kahl

Copyright © 2022 Eveliina Taavitsainen-Wahlroos et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Chlamydia pneumoniae is a ubiquitous intracellular bacterium which infects humans via the respiratory route. The tendency of C.
pneumoniae to persist in monocytes and macrophages is well known, but the underlying host-chlamydial interactions remain
elusive. In this work, we have described changes in macrophage intracellular signaling pathways induced by C. pneumoniae
infection. Label-free quantitative proteome analysis and pathway analysis tools were used to identify changes in human THP-
1-derived macrophages upon C. pneumoniae CV6 infection. At 48-h postinfection, pathways associated to nuclear factor κB
(NF-κB) regulation were stressed, while negative regulation on cell cycle control was prominent at both 48 h and 72 h.
Upregulation of S100A8 and S100A9 calcium binding proteins, osteopontin, and purine nucleoside hydrolase, laccase domain
containing protein 1 (LACC1) underlined the proinflammatory consequences of the infection, while elevated NF-κB2 levels in
infected macrophages indicates interaction with the noncanonical NF-κB pathway. Infection-induced alteration of cell cycle
control was obvious by the downregulation of mini chromosome maintenance (MCM) proteins MCM2-7, and the significance
of host cell cycle regulation for C. pneumoniae replication was demonstrated by the ability of a cyclin-dependent kinase (CDK)
4/6 inhibitor Palbociclib to promote C. pneumoniae replication and infectious progeny production. The infection was found to
suppress retinoblastoma expression in the macrophages in both protein and mRNA levels, and this change was reverted by
treatment with a histone deacetylase inhibitor. The epigenetic suppression of retinoblastoma, along with upregulation of
S100A8 and S100A9, indicate host cell changes associated with myeloid-derived suppressor cell (MDSC) phenotype.

1. Introduction

The respiratory pathogen Chlamydia pneumoniae is a phylo-
genetically distinct, obligate intracellular gram-negative bac-
terium. It causes 5–10% of community-acquired pneumonia
cases globally and is also associated with a high degree of
mild and subclinical respiratory tract infections [1]. With a
seroprevalence of 60-80% in the adult Western population,
C. pneumoniae is the most prevalent chlamydial pathogen
in humans. Besides acute respiratory infections, C. pneumo-
niae has been related to the etiology and progression of

many chronic inflammatory diseases, such as atherosclerosis
and asthma [2, 3]. The tendency of C. pneumoniae to persist
inside its host cells, particularly in peripheral blood mono-
nuclear cells (PBMCs), contributes crucially to this
connection.

C. pneumoniae has a unique life cycle, where the infec-
tive elementary body (EB) and the replicative reticulate body
(RB) forms alternate [4]. Under external stress factors, the
productive replication cycle may be interrupted, and the
bacterium may enter a metabolically altered, nonreplicative
state referred to as chlamydial persistence [5]. The
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morphological hallmark of this phenotype, known as the
aberrant body (AB), is typically an enlarged and pleomor-
phic cell resulting from discontinued binary fission. This
chlamydial stress response yields a viable but noncultivable
bacterial phenotype that lacks infectious progeny EB pro-
duction and demonstrates tolerance to standard-of-care
antibiotics [6, 7]. These features contribute to marked chal-
lenges in eradicating the infection, which translate into treat-
ment failures and recurrent infections in the clinic.

Several factors have been described to induce chlamydial
persistence in in vitro models. These include β-lactam anti-
biotics, interferon γ (IFN-γ), γ and iron depletion [5, 8, 9]. In
monocytes and macrophages, C. pneumoniae enters persis-
tence spontaneously even in the absence of external triggers
[10, 11]. Comparative studies on different cell culture
models for C. pneumoniae persistence have revealed the dif-
ferential regulation of both chlamydial and host cell genes
depending on the persistence trigger [12, 13]. These findings
highlight the heterogenous nature of chlamydial persistence.
The host-bacterium interplay is probably best understood in
the context of IFN-y-induced persistence [14, 15], where
changes in tryptophan metabolism as well as long-term
alterations in host cell apoptotic and cell cycle pathways
are observed.

A well-described feature of C. pneumoniae infection is
the induction of a proinflammatory phenotype in the host
cell. C. pneumoniae-infected monocytes and macrophages
produce different cytokines such as TNF-α [16] and the
interleukins IL-6, IL-8, and IL-12 [17, 18]. The induction
of surface proteins such as ICAM-1, in turn, promotes the
transendothelial migration of C. pneumoniae-infected
peripheral blood mononuclear cells [19, 20]. The bacterium
has also been reported to affect leukocyte maturation, induc-
ing the differentiation of infected monocytes into macro-
phages [20] and affecting dendritic cell polarization [21].
Yet another manifestation of the proinflammatory conse-
quences of macrophage infection is their lipid and redox
dysregulation, leading to macrophage conversion to foam
cells [22, 23].

As illustrated above, several studies have addressed C.
pneumoniae–PBMC interactions in terms of how the infec-
tion triggers pathological changes in the host cells. The
infection-induced Toll-like receptor (TLR)-mediated signal-
ing plays a central role in these events. However, the factors
involved in the bacterial phenotypic switch resulting in C.
pneumoniae persistence in peripheral blood mononuclear
cells are less understood.

Transcriptome-wide gene expression changes in C.
pneumoniae-infected mononuclear cells have been previ-
ously evaluated [24]. However, the overall poor correlation
of mRNA levels and protein quantities in a biological system
is well acknowledged [25, 26]. The C. pneumoniae infection
is likely to alter host cell protein accumulation and thus
results in events not captured by transcriptional analysis.
To date, host cell proteomic profiles of C. pneumoniae infec-
tion have been studied solely in permissive epithelial cells by
2D-PAGE analysis [27]. The persistent infection seen in
monocytes and macrophages is likely associated with very
different host responses, but this has not been studied at

the proteome level. Here, we used high-resolution, label-
free quantitative mass spectrometry (MS)-based proteomics
analysis to shed light on this host-pathogen interplay.

Given the current challenges in detecting and treating
persistent C. pneumoniae infections, there is an urgent need
for the elucidation of chlamydial persistence mechanisms
and their interaction with host innate immune system cells
to identify biomarkers and new potential drug targets. The
tendency of C. pneumoniae to persist in monocytes and
macrophages even in the absence of exogenous triggers is
well known, but the underlying host-chlamydial interactions
remain elusive. In this work, we have described changes in
macrophage intracellular signaling pathways induced by C.
pneumoniae infection. Based on the findings of the prote-
ome analysis, infection-related responses in host cell cycle
G1 to S transfer stage mediators were studied. Within the
follow-up analysis, we observed the role of cell cycle regula-
tion in altering the chlamydial phenotype and the ability of
C. pneumoniae to interfere with macrophage differentiation.

2. Materials and Methods

2.1. Cell Culture. All cell cultures were maintained at 37°C,
5% CO2, and 95% air humidity throughout the subculture.
THP-1 cells (ATCC TIB-202; ATCC, Manassas, VA, USA)
were maintained in RPMI 1640 Dutch modification medium
(Gibco, Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with 10% fetal bovine serum (FBS) (BioWhit-
taker, Lonza, Basel, Switzerland), 2mM L-glutamine
(BioWhittaker), 0.05mM mercaptoethanol (Gibco, Thermo
Fisher Scientific, Waltham, MA, USA), and 20μg/ml genta-
micin (Sigma-Aldrich, St. Louis, MO, USA). Hep-2cells
(ATCC CCL-23) were maintained in DMEM (Gibco,
Thermo Fisher Scientific) supplemented with 10% FBS and
20μg/ml gentamicin.

2.2. C. Pneumoniae Infection. For differentiation into
macrophage-like cells, THP-1 cells were seeded onto 6-well
plates (density 1 × 106 cells per well) or 24-well plates (infec-
tious progeny assays, 3.5 × 105 cells per well) and incubated
for 72h with 0.16μg/ml phorbol-12-myristate-13-acetate
(PMA) (Sigma-Aldrich, St. Louis, MO, USA). The resulting
confluent monolayer was inoculated with C. pneumoniae
(strain CV6, a cardiovascular isolate obtained from Profes-
sor Matthias Maass, Paracelsus Medical University, Salz-
burg, Austria) and propagated as previously described [28]
at a multiplicity of infection (MOI) 3 or 1 (infectious prog-
eny assays). To synchronize the infection, the plates were
centrifuged at 550×g for 1 h and further incubated 1 h in
37 °C. Then, fresh medium was added, and the cultures were
incubated for the indicated times (24–144h) before col-
lecting samples for the analyses described below.

2.3. Growth Kinetics and Infectious Progeny Assays. C. pneu-
moniae growth kinetics and infectious progeny production
in THP-1 macrophages was determined as previously
described [29]. Shortly, in kinetic assays, THP-1 macro-
phages were infected as described above, and culture lysates
were collected at various time points and total cellular DNA
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was extracted with a GeneJET Genomic DNA Purification
Kit (Thermo Fisher Scientific). C. pneumoniae genome copy
numbers were quantified as based on the ompA gene, using
StepOnePlus Real-Time PCR System (Thermo Fisher
Scientific).

For infectious progeny determination, the EBs were har-
vested from infected THP-1 macrophages from 24-well
plates at 72–144-h postinfection by lysing the host cells.
The bacterial progeny was quantified by inoculating Hep-2
cell monolayers with the THP-1 cell lysates and culture
supernatant. Chlamydial growth was determined based on
the chlamydial inclusion counts observed in Hep2 monolay-
ers by staining with a genus-specific anti-LPS antibody
(Pathfinder Chlamydia Culture Confirmation System, Bio-
Rad) after 72-h incubation using the Invitrogen™ EVOS®
FL Imaging System (Thermo Fischer Scientific).

2.4. Protein Extraction and Purification. At 48-h and 72-h
postinfection, THP-1 macrophages were washed with Tris
buffer 100mM, pH 7.2–7.4, and carefully suspended from
the wells by a cell scraper into 1ml of the same Tris buffer.
The cells were centrifuged at 200×g for 5min by ultracentri-
fuge (Heraeus Fresco 21 Centrifuge, Thermo Fisher Scien-
tific). After centrifugation, the supernatants were discarded,
and the pellets were stored at -80 °C.

The cells were suspended in 50μl of 0.1% RapiGest™ SF
(Waters, Milford, MA, USA) in 100mM triethylammonium
bicarbonate; pH 8.5 (TEAB, Thermo Fisher Scientific) with
three spoonfuls (ca 30μl) of 0.1-mm glass beads (Sigma
Aldrich) were homogenized by FastPrep-24 (MP Biomedi-
cals) with motor speed set at 6.5 three times for 20 sec. Sam-
ples were kept on ice between the cycles. The cell-free
supernatants with soluble proteins were obtained by
centrifuging (16 000×g, 3min). Additional 100μl of Rapi-
Gest was added to the supernatants to optimize the protein
concentration for in-solution digestions.

After a 45-min incubation on ice, the protein disulfide
bonds were reduced with 10mM DL-dithiothreitol (Sigma-
Aldrich) for 45min at 60 °C and alkylated with 15mM
iodoacetamide (Sigma-Aldrich) for 60min at RT (in dark).
Finally, 20mM DL-dithiothreitol was added to quench the
extra iodoacetamide. Thirty-μg aliquots of protein were
taken as based on spectrophotometric concentration deter-
mination using the Multiskan Sky Microplate Spectropho-
tometer (Thermo Fisher Scientific) and diluted with
100mM TEAB to a final volume of 50μl. Sequencing grade
modified trypsin (Promega, Madison, WI, USA) was added
in 1 : 60 enzyme-to-protein ratio, and the samples were
digested at 37 °C for 17 h. The digestion was stopped, and
the RapiGest precipitated by adding 0.5% trifluoroacetic acid
(37 °C for 40min). The tryptic peptides were collected by
centrifugation (20 000×g for 5min); the peptides were puri-
fied/concentrated using ZipTip C18 (Merck Millipore, Bur-
lington, MA, USA) and evaporated to dryness.

2.5. Label-Free Quantitative Proteome Analysis. The peptides
were dissolved in 0.1% formic acid and analyzed by nanoLC-
MS/MS using nEASY-LC coupled to Q Exactive Plus with
25 cm EASY-Spray PepMap®RSLC column and 120min

separation gradient. For protein identification and label-
free quantification, the LC-MS/MS data were searched with
MaxQuant v. 1.6.1.0 against UniProt human (Sept 2018),
CV6, and CV14 databases. The sequencing of the CV6 iso-
late was carried out at the Institute of Biotechnology at the
University of Helsinki. The CV14 database was annotated
using NCBI BLAST [30]. The CV6 genome has been shown
to be highly similar with the previously sequenced cardio-
vascular C. pneumoniae CV-14 [31]. Additional data pro-
cessing and statistical analysis was performed using
Perseus v. 1.6.7.0. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium
via the PRIDE [1] partner repository with the dataset identi-
fier PXD030232.

2.6. Bioinformatics and Statistical Analysis. Three biological
replicates were analyzed. Proteins quantified in at least 2
out of 3 replicates in at least one sample group were consid-
ered valid and included in the bioinformatics analysis. Miss-
ing values were imputed by random draws from a low-
abundance-adjusted normal distribution using the Perseus
software v. 1.6.7.0 [32].

A one-way ANOVA with a false discovery rate (FDR) of
0.10 was carried out in Perseus to identify proteins with dif-
ferential expression between any of the conditions and time
points. These proteins were subjected to hierarchical cluster-
ing. LFQ protein abundances were compared between non-
infected and infected THP-1 cells at different time points
by Student’s t-test with a permutation-based FDR of 0.05.

Statistically significant proteins from ANOVA were
included in canonical pathway analysis using the Ingenuity
Pathway Analysis software (2000-2019 IPA; QIAGEN Sili-
con Valley, Redwood, CA, USA) and STRING Functional
Enrichment Analysis database v. 11 [33].

2.7. RT-PCR. For RT-PCR analysis, cells were infected in 6-
well plates as described above. Samples were collected at 48-
h postinfection. Cells were scraped from the plate and total
RNA was extracted using PureLink RNA mini kit (Thermo
Fischer Scientific). cDNA was synthetized right after RNA
purification using RevertAid First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific). Purified RNA was used as a
template for cDNA synthesis.

The expression of selected genes was quantified with
Step One Plus™ Real-Time PCR system using specific
human cDNA primers (Supplementary Table 1), and the
obtained values were normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) as an endogenous
reference gene. The Ct values were calculated using the
2−ΔΔCt equation. For the evaluation of histone deacetylases
in C. pneumoniae-induced downregulation of
retinoblastoma (Rb) protein, valproic acid was purchased
from Tocris Bioscience (United Kingdom).

2.8. Western Blot. THP-1 macrophages were infected as
described above with MOI 3. When analyzing total and
phosphorylated retinoblastoma protein levels, treatment
with 100nM Palbociclib, a selective inhibitor for cyclin-
dependent kinase 4 (CDK4) and 6 (CDK6) (Sigma-Aldrich),

3Cellular Microbiology



was applied as control. The cells were collected by scraping
at 48-h postinfection and lysed in cold RIPA buffer
(150mM NaCl, 1% NP40, 0.5% sodium deoxylate, 0.1%
sodium dodecyl sulfate, and 25mM Tris in water supple-
mented with Pierce phosphatase inhibitor and Pierce prote-
ase inhibitors) (Thermo Fisher Scientific). Insoluble material
was separated by centrifugation at 13800×g for 20min. The
supernatants were stored at -80°C.

Total protein concentrations of the samples were deter-
mined with BCA protein assay (Thermo Fisher Scientific)
and detected with Multiskan Sky plate reader (Thermo
Fisher Scientific). Equal amount of protein was suspended
with 4× Laemmli sample buffer (Bio-Rad, Hercules, Califor-
nia, USA) and denatured by heating at 95°C, 5min. Samples
were loaded into SDS-PAGE (TGX stain-free gel, Bio-Rad),
and separated proteins were transferred into a nitrocellulose
membrane (Bio-Rad). The total Rb amount of the samples
was determined using polyclonal rabbit IgG antibody
(PA5-27215, Thermo Fisher Scientific), and Rb ser608 and
780 phosphorylation was determined using polyclonal rabbit
IgG antibodies (PA5-104642 and 701272, respectively, both
from Thermo Fisher Scientific). S100A9 (D5O6O), NF-κB2
p100/p52, and GAPDH (14C10) antibodies were obtained
from Cell Signaling Technology (Massachusetts, USA).
HRP-conjugated goat anti-rabbit IgG secondary antibody
was obtained from Thermo Fischer Scientific. The blots were
analyzed using ChemiDoc imaging system and ImageLab 6.0
software (Bio-Rad) and normalized to the total protein
amount of each gel.

3. Results and Discussion

3.1. C. pneumoniae Infection Phenotype in THP-1
Macrophages. The phenotype and behavior of C. pneumo-
niae infection vary remarkably depending on the host cell
line and bacterial strain [34–36]. Monocytic and macro-
phage cell lines have been reported to support the growth
of some C. pneumoniae strains but with limited C. pneumo-
niae replication [10, 24, 36, 37].

According to our previous data, C. pneumoniae cardio-
vascular isolate CV6 infection in THP-1 monocyte-derived
macrophages results in a mixed infection phenotype with
simultaneously present productive and persister subpopula-
tions [29]. As described by Daigneault et al. [38], THP-1
cells undergoing growth arrest and macrophage differentia-
tion share transcriptional profiles similar to primary mono-
cytes undergoing terminal differentiation, which is further
enhanced during subsequent days after PMA removal. This
infection model, representing a spontaneously rising sub-
population of persistent C. pneumoniae cells inside macro-
phages undergoing terminal differentiation, was
characterized in the present work by qPCR, quantitative cul-
ture, and antibiotic susceptibility studies.

In the qPCR analysis, an increase in genome numbers,
indicative of a bacterial subpopulation undergoing DNA
replication, was observed after a MOI 3 infection of the mac-
rophages (Figure 1(a)).

Earlier work indicates that C. pneumoniae persistence
may involve bacterial DNA replication even in the absence

of cell division, and it was thus of interest to study whether
infectious C. pneumoniae progeny was also generated in
the infected macrophages. Productive infection was con-
firmed by passaging the infected macrophage cell lysates,
and culture supernatants collected 72–144-h postinfection
onto permissive epithelial cell monolayers. All samples col-
lected from infected macrophage cultures were culture posi-
tive, the total number of inclusion forming units per ml
(IFU/ml) at 72-h postinfection being, on average, 210,000
in macrophage lysate samples and 16,000 in supernatant
samples.

In macrophage cell lysates, the number of detected IFUs
rose sharply between 96-h and 120-h postinfection and
stayed at a similar level at 144 h (Figure 1(b)). In the super-
natant samples, the number of chlamydial progeny EBs
increased steadily throughout the observation time, indicat-
ing that matured EBs were readily able to leave the primary
host cell to infect others. Between 72-h and 144-h postinfec-
tion, the EB number tripled or quadrupled in supernatant
samples and cell lysates, respectively.

Based on these data, the active replication and infectious
progeny production of C. pneumoniae in PMA-
differentiated THP-1 macrophages were confirmed. To fur-
ther evaluate the infection characteristics in THP-1 derived
macrophages, an antibiotic susceptibility test was carried
out using azithromycin, the golden standard for treating
chlamydial infections, by determining its effect on C. pneu-
moniae EB progeny production in these cells. While azithro-
mycin’s chlamydicidal effect in permissive cell lines is
achieved at approximately 20 nM [39], we did not observe
any inhibition of C. pneumoniae EB production with
20 nM azithromycin in the THP-1-derived macrophages
(data not shown). Even at 200nM, azithromycin treatment
did not clear the macrophage cultures from infectious C.
pneumoniae progeny (Figure 2), implying significantly
increased azithromycin tolerance. Clearance of infection
was noticed with 1μM concentration, on not clinically rele-
vant concentration [40]. We have previously described that
C. pneumoniae eradication by azithromycin in THP-1-
derived macrophages can be enhanced by a redox-active
small molecule that promotes chlamydial EB production
[29]. These findings indicate that the antibiotic susceptibility
of C. pneumoniae in the macrophages can be altered by pro-
moting productive infection.

Collectively, these observations imply that the THP-1-
derived macrophages harbor both productively replicating
and persistent C. pneumoniae populations while suggesting
that the balance between the two coexisting bacterial popu-
lations is governed by factors within the intracellular envi-
ronment. Shedding light on the nature of these factors
would illuminate the molecular details of C. pneumoniae–
macrophage interactions and guide us towards a rational
therapy design for eradicating persistent infections.

3.2. Changes in the Host Cell Proteome upon C. pneumoniae
Infection. To characterize macrophage responses during C.
pneumoniae infection, total proteomes of infected and non-
infected THP-1 cell lysates were subjected to high-resolution
LC-MS/MS analysis and label-free quantification. Based on
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the kinetic analysis of the infection (Figure 1) and earlier
transcriptomics data [24], we focused on time points repre-
senting a readily established stage of infection and proceeded
to isolate proteins at 48-h and 72-h postinfection. In C.
pneumoniae life cycle, 48 h after inoculation represents a
stage of the active bacterial replication period based on the
literature [15] and the replication results presented in this
paper, while maturation of the first EBs occurs approxi-
mately at 72-h postinfection. Monocyte transcriptomics also
indicates that the innate responses arising from recognition
of C. pneumoniae molecular patterns by monocytic pattern
recognition receptors are diminished or stabilized by 48 h
[24]. Thus, the infection-induced changes in host cell pro-

teomes starting from thereon is expected to be more repre-
sentative for the adaptation to a long-lasting infection.

In proteome analysis, we identified approx. 3000 pro-
teins and obtained reliable quantification data from 2136
proteins, all of them being of host cell origin (Supplementary
Table 2).

Principal component analysis was carried out based on
these quantifications. Infection status appeared to be the
main factor separating the sample profiles regardless of the
time point (Figure 3(a)), although two possible outliers (con-
dition1 and condition2) were noticed. A one-way ANOVA
(permutation-based FDR 0.10) identified a substantial num-
ber of proteins with significantly and consistently altered
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Figure 1: C. pneumoniae growth kinetics and progeny production in THP-1 macrophages. (a) C. pneumoniae growth kinetics in THP-1
macrophages. Cells were infected at MOI 3 IFU/cell, and C. pneumoniae genome copy numbers were determined by qPCR on ompA
gene. Data are shown as total genome number of C. pneumoniae per well ± SEM (n = 4). Statistical analyses were made by IBM SPSS
statistics 25 software. Differences between means were calculated with Student’s t-test with Bonferroni correction, and significance is
presented as marks of p values compared to 2-h genome number: <0.05: ∗; <0.01: ∗∗; and <0.001: ∗∗∗. (b) Quantification of infectious
C. pneumoniae EBs following an infection of THP-1 macrophages. Permissive epithelial cells were inoculated with cell lysates from THP-
1 macrophages or supernatant from culture medium of infected THP-1 macrophages collected at 72-h, 96-h, 120-h, or 144-h
postinoculation. C. pneumoniae inclusion counts after immunofluorescence staining of the monolayers were determined and converted
to IFU/ml. Data are presented as IFU/ml values normalized to the value 72 h after infection and shown as mean ± SEM (n = 4). No
statistical significance was noticed.
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expression between the conditions and time points (n = 214
), thus warranting the continued inclusion of all replicate
samples in the analyses. These proteins were subjected to
further biostatistics and bioinformatics investigations to
characterize the effect of C. pneumoniae infection in the
macrophages at different stages of infection.

A hierarchical clustering was conducted to illustrate gen-
eral protein abundance trends arising from the infection and
culture time. As with the PCA, C. pneumoniae infection
appeared to be the most important factor separating the
samples, although time point-specific trends were addition-
ally observed (Figure 3(b)). Differential expression within
these proteins by time point and infection status was further
studied by unpaired Student’s t-test, where 1.5 or higher fold
change and q-value ≤0.05 were considered as a statistically
significant result. Numbers of proteins showing statistically
significant difference between C. pneumoniae-infected and
noninfected samples are presented in Figure 3(c).

3.3. Pathway Analysis on C. pneumoniae-Induced Changes in
Macrophage Proteome. Pathway analyses utilizing software
STRING and Ingenuity Pathway Analysis (IPA) were carried
out to identify infection-regulated pathways in the macro-
phages. The top canonical pathways recognized by the two
bioinformatics tools are presented in Figure 4 and graphical
summaries of the Ingenuity Pathway Analysis are shown in
Supplementary Figure 1.

In C. pneumoniae-infected cells, a value-based STRING
analysis revealed the enrichment of biological processes
related to host cell response to bacterial infection at 48-h
postinfection, as based on Gene Ontology (GO) annotations
[41, 42]. Controlling of the cell cycle was enriched in both
time points, while at 48 h the most enriched processes
included leukocyte aggregation, inflammatory response,

and positive regulation of NF-κB transcription factor activ-
ity. On the other hand, no such infection responses were sig-
nificantly enriched at 72-h postinfection, as instead all the
top 10 most enriched GO biological processes were related
to cell cycle and DNA replication, which were negatively
affected by C. pneumoniae. Hence, the active infection
response phenotype appears to be dampened towards the
latter time point.

Similar pathways were recognized also in IPA, although
the variation between time points was less prominent than
in the corresponding STRING analyses. Most of the top
canonical pathways recognized by IPA, such as the inflam-
masome and leukocyte extravasation signaling pathways,
were positively or inconsistently affected by the infection.
The negatively affected cell cycle control was also recognized
as one of the most significantly enriched pathways in the
IPA analyses of both time points. In addition to the pathway
enrichments shared between the two analysis platforms, IPA
also recognized the sirtuin signaling pathway and HOTAIR
regulatory pathway. The proteins identified in the negatively
affected sirtuin signaling pathway were involved in the regu-
lation of sirtuin 1 and 3 cascade reactions. Sirtuins are NAD
+-dependent class III histone deacetylase enzymes known to
regulate diverse cellular processes such as DNA repair, insu-
lin sensitivity, fatty acid oxidation, inflammation, and aging
[43]. The knowledge about the role of sirtuins in innate
immune responses is still limited, and no published data in
the context of C. pneumoniae infection is currently available.

IPA analyses determinate the overlap number of the
described pathway. It indicates the coverage of the total
pathway by the discovered proteins in samples. In the anal-
yses, most covered pathways were inflammasome pathway,
cell cycle controlling, and fatty acid β-oxidation in both time
points.
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3.4. Up and Downregulated Proteins. To gain a molecular
level insight into the macrophage proteome changes induced
by the infection, sets of individual proteins showing most
prominently differential expression between infected and
noninfected cells were next evaluated. Up- and downregu-
lated proteins at 48-h and 72-h postinfection with at least
±1.5-fold change are presented in Table 1.

3.4.1. Upregulated Proteins. As expected, proteins associated
with leucocyte activation and inflammation were abundant
among the upregulated proteins in the infected samples.
Consistent with previous reports [44], C. pneumoniae infec-

tion increased Toll-like receptor 2 (TLR2) expression in the
macrophages. Chlamydial heat shock protein 60 has been
shown to activate TLR2 and TLR4 receptors [45]. Activation
of TLR2 receptors can lead to many different pathways in
the host cells during infection, including the induction of
NF-κB. The role of TLR2 in C. pneumoniae-induced pathol-
ogy has also recently been demonstrated in atherosclerosis
development [46]. Besides TLR2, another innate immunity
receptor, CD14 exhibited significant upregulation in the
infected cells. CD14 is a membrane protein initiating the sig-
naling cascade responsible for the LPS of gram-negative bac-
teria. Despite their central role in innate immunity, both
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Figure 3: (a) Principal component analysis for the imputed dataset. Carried out in Perseus v. 1.6.7.0. (b) Heatmap visualizing proteins upon
hierarchical clustering based on Z-scores. Red = expressed more than average; green = expressed less than average. Results presented as LFQ
values normalized by z-score. (c) Numbers of proteins showing statistically significant difference between C. pneumoniae-infected and
noninfected samples. Numbers are presented as results from pairwise comparisons with Student’s t-test. Abbreviations: CPN = C.
pneumoniae-infected samples; ctr = noninfected samples in different time points.

8 Cellular Microbiology



CD14 and TLR2 expression are downregulated during
monocyte-to-macrophage differentiation in primary mono-
cytes as well as in PMA-treated THP-1 cells [38]. Previous
data suggest that monocyte differentiation is induced upon
C. pneumoniae infection [20], but the current findings on
CD14 and TLR2 upregulation indicate that the infection
may in fact interfere with the normal macrophage matura-
tion route and thus promote bacterial survival in these cells.

The most upregulated proteins in this study included
S100A8 and S100A9, two dimer-forming calcium-binding

proteins with various intracellular and extracellular func-
tions. These proteins are suggested to be transcriptional tar-
gets of NF-κB [47] and STAT3 [48]. They are induced in
monocyte-derived macrophages upon proinflammatory
stimuli, but no previous reports on their connection with
chlamydial infections exist [49]. Interestingly, the expression
of S100A8 and S100A9 is associated with a macrophage phe-
notype described as proinflammatory but ineffective in
Mycobacterium clearance [50]. Another study reports the
augmented resistance of epithelial cells towards intracellular
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Figure 4: Top 10 canonical pathways showing changes in infected vs non-infected macrophages at (a) 48-h and (b) 72-h postinfection.
ANOVA-filtrated protein sets with statistical difference values from t-test were used in analysis. Analyses were carried out using
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Table 1: Differentially expressed proteins in C. pneumoniae-infected macrophages. (a) Upregulated and (b) downregulated proteins (LFQ
fold change of ±1.5 or larger).

(a)

Protein Accession no. Fold change Protein Accession no. Fold change

48 h 72 h

S100A9 P06702 10.27 S100A9 P06702 17.05

AMPD3 Q01432 5.95 S100A8 P05109 8.28

LACC1 Q8IV20 5.34 LACC1 Q8IV20 6.90

NFKB2 Q00653 4.79 AMPD3 Q01432 6.56

S100A8 P05109 4.66 ACAD10 O14672 6.38

SPP1 P10451 4.49 IDI1 Q13907 5.54

CD14 P08571 4.46 CD14 P08571 4.29

PTPN1 P18031 4.20 ICAM1 P05362 3.59

ICAM1 P05362 4.07 RTN1 Q16799 3.45

RTN1 Q16799 4.06 TDO2 P48775 3.39

DDX24 Q9GZR7 3.41 ALOX5AP P20292 3.38

CTNND1 O60716 3.21 EXOSC5 Q9NQT4 2.99

MARCKSL1 P49006 3.13 CHCHD2 Q9Y6H1 2.91

TMPPE Q6ZT21 2.99 CUX1 P39880 2.90

SH3PXD2B A1X283 2.66 SELO P77649 2.79

IL4I1 Q96RQ9 2.44 SH3PXD2B A1X283 2.76

HK2 P52789 2.34 MARCKSL1 P49006 2.76

NCF1 P14598 2.33 HK2 P52789 2.74

NAMPT P43490 2.27 NCF1 P14598 2.70

TLR2 O60603 2.23 TYMP P19971 2.66

TDO2 P48775 2.21 NFKB2 Q00653 2.61

TGFBI Q15582 2.18 KYNU Q16719 2.45

HMOX1 P09601 2.14 SPP1 P10451 2.26

MRPS17 Q9Y2R5 2.04 MX1 P20591 2.13

MX1 P20591 2.02 NRP1 O14786 2.13

CD44 P16070 2.01 EHD1 Q9H4M9 1.99

ALOX5AP P20292 2.00 ZFR Q96KR1 1.93

CD36 P16671 1.99 COL6A1 P12109 1.91

KYNU Q16719 1.96 NAMPT P43490 1.91

EHD1 Q9H4M9 1.87 DENND3 A2RUS2 1.90

NRP1 O14786 1.85 HMOX1 P09601 1.86

TYMP P19971 1.82 IL4I1 Q96RQ9 1.80

COL6A1 P12109 1.79 OAT P04181 1.78

PPIF P30405 1.75 PTPN1 P18031 1.75

NQO1 P15559 1.72 TGFBI Q15582 1.64

ERGIC1 Q969X5 1.70 OAS3 Q9Y6K5 1.62

ACSL4 O60488 1.61 ATG7 O95352 1.56

SELO P77649 1.59 NQO1 P15559 1.55

SLC3A2 P08195 1.54 FAM129B Q96TA1 1.52

CTSD P07339 1.53 PLEKHO2 Q8TD55 1.51

PLEKHO2 Q8TD55 1.52 CD44 P16070 1.51

DENND3 A2RUS2 1.51 HMGB3 O15347 1.50

CSF1R P07333 1.50

PTPRJ Q12913 1.50
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bacteria when concomitantly transfected with both proteins
[51]. We confirmed the infection-induced upregulation of
S100A9 by RT-PCR (data not shown) and western blot
(Supplementary Figure 2). Based on these findings, the role
of S100A8/A9 heterodimers in restricting C. pneumoniae
replication in macrophages warrants further investigation.

Purine nucleoside hydrolase, laccase domain-containing
protein 1 (LACC1, also known as C13orf31 and FAMIN),
was the third most upregulated protein at both time points.
LACC1 is a peroxisome and endoplasmic reticulum-
associated protein with the primary role of microbial clear-
ance in peripheral macrophages [52, 53]. It is required for
pattern recognition receptor (PRR)-induced mitochondrial
reactive oxygen species (ROS) production, MAPK, and
NF-κB pathway activation. Expression of LACC1 has been
also shown to be induced upon PMA differentiation of
THP-1 cells [52]. Furthermore, LPS stimulation of THP-1
macrophages leads to a further increase of LACC1 mRNA
expression, which correlates with the present finding of
LACC1 upregulation upon C. pneumoniae infection.

Osteopontin (SPP1) was upregulated 4-fold at 48-h post-
infection and 2-fold at 72 h, compared to the noninfected
cells. SPP1 acts as a cytokine with a key role in controlling
the secretion levels of interleukins and stimulating the pro-
duction of interferon-gamma [54, 55]. It is also important
for macrophage adhesion and differentiation. Interestingly,
SPP1 increases calcification in arteries [56] and has addi-
tionally been associated with atherosclerosis, with one possi-
ble mechanism being the increase of vascular inflammation
by macrophage activation [54]. C. pneumoniae has been pre-
viously reported to increase the expression of SPP1 in meso-
thelial cells [57], and since the infection has been also

connected to atherosclerosis, SPP1 could act as a link in this
association.

Various studies have described the rapid activation of
NF-κB upon host cell contact with C. pneumoniae [58]. Even
though the immediate NF-κB activation was obvious by the
above-mentioned downstream proteins as well as the find-
ings from the pathway analyses, we also observed an upreg-
ulation of the inhibitory NF-κB2 protein in the infected
macrophages. The infection-induced upregulation was also
confirmed by western blot (Supplementary Figure 2). This
polypeptide exerts classical I-κB functions by sequestering
transcription activator NF-κB subunits [59]. As a key
member of the noncanonical NF-κB pathway, the
processing of NF-κB2 is tightly regulated and is associated
with functions like tryptophan metabolism and mucosal
immunity towards pathogens [60]. To the best of our
knowledge, chlamydial interactions with noncanonical NF-
κB signaling have not been described earlier.

The expression of the scavenger receptor CD36 was sig-
nificantly upregulated by the infection. This transmembrane
protein has a major role in the uptake of oxidized low-
density lipoprotein (LDL), and it is considered necessary
for macrophage foam cell formation [61]. Indeed, several
studies have demonstrated the induction of foam cell forma-
tion by C. pneumoniae in vitro and in vivo [22, 62, 63].
Alterations in the expression of proteins associated with
cholesterol metabolism have been reported upon infection,
but changes in CD36 expression represent a novel finding
in this context. Another upregulated protein related to lipid
metabolism was acyl-CoA dehydrogenase family member 10
(ACAD10). It was strongly upregulated at 72-h postinfec-
tion, but no change in regulation was evident at 48-h

(b)

Protein Accession no. Fold change Protein Accession no. Fold change

48 h 72 h

GGT1 P19440 0.10 GGT1 P19440 0.34

SSBP1 Q04837 0.29 PARP10 Q53GL7 0.37

DCAF8 Q5TAQ9 0.32 MCM5 P33992 0.43

MCM6 Q14566 0.49 MRPS17 Q9Y2R5 0.45

FABP4 P15090 0.51 MCM4 P33991 0.47

MCM3 P25205 0.55 MRPL16 Q9NX20 0.50

MCM4 P33991 0.63 MCM6 Q14566 0.53

MCM5 P33992 0.63 VAMP8 Q9BV40 0.57

MCM2 P49736 0.66 MCM3 P25205 0.58

MCM2 P49736 0.59

SUN2 Q9UH99 0.59

DNASE2 O00115 0.59

FABP4 P15090 0.60

APMAP Q9HDC9 0.60

CA2 P00918 0.62

SRP9 P49458 0.62

STMN1 P16949 0.64

RPA1 P27694 0.66
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postinfection. ACAD10 participates in the beta-oxidation of
fatty acids in mitochondria [64], a process accelerated upon
C. pneumoniae infection [65].

3.4.2. Downregulated Proteins. The most intensely downreg-
ulated protein in the infected vs. noninfected samples was
the glutathione hydrolase 1 proenzyme, gamma-glutamyl
transferase (GGT1). GGT1 is a plasma membrane-bound
protein which participates in glutathione (GSH) metabolism
by catabolizing extracellular GSH, thus contributing to the
maintenance of intracellular GSH pools by providing build-
ing blocks for de novo GSH biosynthesis [66]. Time-
dependent fluctuation in host cell GSH levels has been
reported in earlier studies, and the macrophage intracellular
redox milieu is suggested to play a role in governing C. pneu-
moniae infection phenotype [67, 68]. The role of GGT1 in
mediating infection-driven alterations in host cell redox bal-
ance thus warrants further investigation.

Fatty acid-binding protein (FABP4) was downregulated
in the infected samples at both time points. This protein
has recently been reported to be secreted by macrophages
upon intracellular LPS-induced noncanonical inflamma-
some activation [69]. FABP4 is primarily expressed in adipo-
cytes and macrophages. It binds to long-chain fatty acids
and by this means can affect cellular lipid metabolism. C.
pneumoniae has shown to recruit FABP4 to facilitate fat
mobilization and intracellular growth in adipocytes [65].
Chemical inhibition of FABP4 decreases the intracellular
replication of C. pneumoniae in murine adipocytes, and the
C. pneumoniae infection induces FABP4 secretion in these
cells [70]. It is tempting to speculate whether the decrease
in intracellular FABP4 concentration in human macro-
phages upon C. pneumoniae infection results from its

increased secretion. In macrophages, FABP4 has shown to
affect fatty acid metabolism and inflammatory activity [71].
Genetic or chemical Inhibition of FABP4 also increased the
expression of CD36. Of note, this scavenger receptor protein
was also upregulated in our analysis as presented above.

Both at 48-h and 72-h postinfection, six out of the 10 most
downregulated proteins were related to cell cycle control and
DNA replication. Minichromosome maintenance (MCM)
complex proteins MCM-6 were downregulated with fold
changes of over -1.5 at both time points. The MCM2–7 com-
plex acts as the eukaryotic replicate helicase and has a key role
in the regulation of DNA replication [72]. The connection of
some viruses and cancer types with MCM proteins has been
studied during the last decade [73, 74], but its role in intracel-
lular bacterial infections is currently unknown. Based on path-
way analyses, replication protein, A 70kDa DNA-binding
subunit (RPA1) protein, was also found to accompany the
MCM proteins in the network of DNA replication control
proteins. In addition, protein mono-ADP-ribosyltransferase
(PARP)10 was downregulated at 72-h postinfection. PARP10
regulates DNA replication via direct interactions with prolifer-
ating cell nuclear antigen [75], inhibits NF-κB signaling by
interacting with the ubiquitylation of NF-κB essential modula-
tor, NEMO [76], and alters mitochondrial function and fatty
acid oxidation [77].

Generally, more proteins downregulated by the C. pneu-
moniae infection were identified at the latter 72-h time point
than at 48-h postinfection, whereas the number of upregu-
lated proteins was similar between the two time points.

3.4.3. C. pneumoniae Downregulates MCM Proteins in
Differentiated Cells. Similar to the transcriptomics study in
U937 monocytes [24], the most downregulated proteins in
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Figure 5: C. pneumoniae infection-induced changes in the expression of genes involved in cell cycle regulation. THP-1 macrophages were
infected with MOI 3, and total RNA of the infected and noninfected control cells were collected at 48-h postinfection. After cDNA synthesis,
the expression of each gene was determined by 2-ΔΔCt method using GADPH as an internal reference gene. Data are presented as box blot of
relative quantification of genes, (n = 6). Statistical analysis was made by IBM SPSS statistics 25 software. Differences between means were
calculated with Student’s t-test with Bonferroni correction. Statistical significance is presented as marks of p-value: <0.05:∗.
Abbreviations: Rq = relative quantification.
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our data were related to cell cycle control and cellular prolif-
eration. While we found all six members of the MCM pro-
tein family (MCM 2-7) downregulated by the infection, the
U937 transcriptomics study found the sole MCM 7 to be
strongly downregulated in U937 monocytes.

In contrast to Virok et al., we used THP-1 cells induced
to growth arrest and terminal differentiation by PMA treat-
ment. The 72-h PMA treatment prior to infection induces
growth arrest at G1 stage of the cell cycle, a step preceding
DNA replication. Opposite to freely dividing monocytes,
the cells undergoing terminal differentiation to macrophages
are expected to have low MCM protein levels. It was thus
somewhat surprising that the levels were further decreased
by the infection. Since changes in the host cell proteome
can be caused by alterations in mRNA production or later
by various downstream processes, the origin of the
infection-induced lowering of MCM proteins was studied
by determining the mRNA levels of the MCM genes by
RT-PCR. Cyclin-dependent kinase 6 (CDK6) was also
included in these analyses, as this cell cycle regulator acts
upstream from MCM proteins and showed a downregulated
trend at the protein level (Supplementary information

Table 3). Corresponding to the proteomic findings, the
expression of all MCM proteins showed moderate
downregulation in the infected cells (Figure 5). The CDK6
mRNA was also downregulated by the infection. MCM 4
(p = 0:027) and CDK6 (p = 0:01) showed also statistical
significance between infected and noninfected samples.

3.4.4. C. pneumoniae Infection Downregulates
Retinoblastoma Gene and Protein in THP-1 Macrophages.
Since the abundance of MCM proteins was significantly
lower in infected vs. noninfected samples, and the transcript
levels of the genes were correspondingly decreased, it was of
interest to study the upstream events resulting to this phe-
nomenon. The classic model of MCM gene transcriptional
control involves sequestration of E2F transcription factors
by retinoblastoma (Rb), where Rb phosphorylation leads to
E2F release [78]. In the cell cycle G1 state, Rb protein phos-
phorylation is mediated by cyclin-dependent kinases and
especially by CDK4/6.

As described above, CDK6 appeared in our study to be
downregulated at both transcriptional (Figure 5) and protein
levels (supplementary Table 3), although the latter change
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Figure 6: (a) Impact of C. pneumoniae infection on total retinoblastoma protein levels in THP-1 macrophages. Cells were infected with
MOI 3 IFU/cell, and 100 nM Palbociclib was used as a control. Total cell lysate samples were collected at 48-h postinfection, and the
total Rb levels of the samples was determined by western blot using polyclonal rabbit IgG antibody. GAPDH was used as a loading
control. (b) Quantification of the Rb protein band intensities. The western blot band intensities were normalized to the total protein
content of corresponding lane. The blots were analyzed using ChemiDoc imaging system and ImageLab 6.0 software (Bio-Rad). Data are
shown as total intensity of band ± SEM (n = 4) in arbitrary units. (c) Changes in the expression of retinoblastoma gene mRNA levels
induced by infection or valproic acid. Total RNA of the cells were collected at 48-h postinfection. After cDNA synthesis, the expression
of each gene was determined by 2-ΔΔCt method using GADPH as an internal reference gene (n = 4). Differences between means were
calculated with Student’s t-test with Bonferroni correction. Statistical analysis was made by IBM SPSS statistics 25 software. Statistical
significance is presented as marks of p values: < 0.05:∗; <0.01: ∗∗; <0.001: ∗∗∗. Abbreviations: VA = valproic acid; Rb=retinoblastoma;
Rq = relative quantification; Infection= mock-treated infection.
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did not reach statistical significance (fold change 0.71 and
0.72 at 48-h and 72-h postinfection, respectively).
However, The THP-1 cells used as the infection host were
induced to G1/S arrest in the cell cycle by PMA prior
infection. The PMA-induced cell cycle arrest is mediated
by Rb hypophosphorylation via p21 upregulation and
subsequent CDK2 inactivation [79]. Consistent with these
data, Rb phospho-ser780 antibody did not yield any signal
in western blot analysis of THP-1 macrophages either in
infected or noninfected cells, and Rb phospho-ser608-
specific antibody yielded only a very faint signal (data not
shown). Given the evident Rb hypophosphorylation in
even uninfected THP-1 cells, it is obvious that the
infection-induced downregulation of MCM proteins is not
mediated by the inhibition of Rb phosphorylation.

Unexpectedly, the western blot analysis revealed an
infection-induced decrease in total retinoblastoma protein
level in THP-1 macrophages (Figures 6(a) and 6(b)). We

confirmed the infection-induced Rb downregulation also in
mRNA level with RT-PCR. In this analysis, the downregula-
tion of the Rb gene by C. pneumoniae infection was observed
with RQ value 0.43 (SEM = 0,011, p-value 0.054).

3.4.5. C. pneumoniae Infection Induces Myeloid-Derived
Suppressor Cell (MDSC)-Like Changes in THP-1
Macrophages. The maintenance of high Rb levels is required
for the maturation of monocyte lineage cells, and Rb is also
involved in the terminal differentiation of these cells via
direct interactions with tissue-specific genes [80]. Rb down-
regulation in C. pneumoniae-infected cells may thus indicate
altered differentiation of the cells. In fact, the silencing of Rb
protein in myeloid cells has previously been connected to the
altered maturation of monocytes into polymorphonuclear
myeloid-derived suppressor cells (PM-MDSC) instead of
macrophages or dendritic cells [81]. The Rb downregulation
in this context is related to epigenetic regulation and is
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Figure 7: Impact of CDK4/6 inhibition on C. pneumoniae growth. (a) C. pneumoniae growth kinetics in THP-1 macrophages treated with
100 nM Palbociclib. Cells were infected at MOI 1 IFU/cell, and C. pneumoniae genome copy numbers were determined by qPCR on ompA
gene. Data are shown as total genome numbers of C. pneumoniae per well normalized to nontreated infection control ± SEM (n = 4).
Statistical significance was not noticed by t-test. (b) Impact of Palbociclib treatment on infectious C. pneumoniae EB production in THP-
1 macrophages. The macrophages were infected with MOI 1 of C. pneumoniae and treated with 100 nM Palbociclib for 72 h before
lysing. Permissive epithelial cells were inoculated with the macrophage lysates. C. pneumoniae inclusion counts were determined by
immunofluorescence staining of the monolayers and converted to IFU/ml. Data are presented as IFU/ml values normalized to the value
72 h mock-treated infection and shown as mean ± SEM (n = 4). Statistical analysis was made by IBM SPSS statistics 25 software.
Differences between means were calculated with Student’s t-test with Bonferroni correction. Statistical significance is presented as marks
of p-value: <0.05:∗.
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reversible by histone deacetylase inhibition. To evaluate the
mechanisms of C. pneumoniae-induced Rb downregulation
in THP-1 cells, the impact of a histone deacetylase inhibitor,
valproic acid on Rb1 mRNA expression in C. pneumoniae-
infected cells was studied. While the infection consistently
downregulated Rb mRNA in this experiment, treatment of
the infected cells with 1mM valproic acid reversed the Rb
expression closer to the levels observed in noninfected con-
trol cells (RQ value 1.86, SEM 0.19, between VA-treated
and nontreated infection, n = 4), yet no statistical signifi-
cance was achieved due to inter-experiment variability in
the delta Ct values (Figure 6(c)). Together with the negative
regulation of the sirtuin pathway identified in the proteo-
mics data, these findings imply that C. pneumoniae may
alter the epigenetic signature of macrophages. Earlier work
has identified Chlamydia-induced changes in histone modi-
fications and chromatin accessibility in permissive epithelial
and endothelial cells [82, 83], but the significance of such
changes for chlamydial survival and infection phenotype
remains unknown.

MDSCs are a heterogenous group of myeloid cells with
potent immune regulatory activity to negatively regulate T-
cell function [84]. They are associated with failure in tumor
clearance by the immune system but have also been indi-
cated in the pathogenesis of chronic inflammatory diseases.
Within the development of the pathologically immature
phenotype of MDSCs, the upregulation of S100A8 and
S100A9 plays a central role, via mechanisms involving reac-
tive oxygen species (ROS) production [74]. In our proteo-
mics data, S100A8 and S100A9 were among the most
upregulated proteins (Table 1), and we have earlier reported
the elevation of ROS by C. pneumoniae in the same infection
model [29]. Another molecular mechanism of MDSC
immunosuppressive function is the activation of noncanon-
ical NF-κB signaling [85], which was also indicated by our
proteomics data based on the infection-induced upregula-
tion of NF-κB p100 (NF-κB2) (Table 1).

Collectively, the upregulation of S100A8, S100A9, and
NF-κB p100 (NFKB2) and the downregulation of Rb, poten-
tially involving an epigenetic mechanism, imply that C.
pneumoniae infection may induce myeloid cells to a
MDSC-like transformation. More detailed characterization
of such events and their potential role in the maintenance
of persistent C. pneumoniae infections remains a matter of
our future studies.

3.4.6. CDK6 Inhibition Promotes C. pneumoniae Productive
Infection. Alterations in host cell cycle regulation by C. pneu-
moniae have been described also in earlier work. However, it
remains unclear whether such changes have a role in chla-
mydial survival and/or replication. To shed light on the sig-
nificance of G1/S cell cycle arrest signals on C. pneumoniae
infection phenotype in THP-1 macrophages, we treated
infected cells with Palbociclib, a clinically approved CDK4/
6 inhibitor. As presented in Figure 7, Palbociclib treatment
increased chlamydial genome copy numbers by 1.66-fold (t
-test p-value 0.053) compared to nontreated control infec-
tion at 48-h postinfection.

In addition, infectious C. pneumoniae EB progeny was
significantly (1.32-fold) increased compared to nontreated
controls. Thus, the inhibition of CDK6 activity promoted
both bacterial replication and the maturation of new EBs,
indicating that the suppression of G1 to S transition
observed by us and others is relevant for promoting the pro-
ductive chlamydial infection.

Earlier work on C. pneumoniae–host interactions has
revealed the enhanced proliferation of infected cells, particu-
larly in vascular cell types [86]. However, the cell type-
specific nature of the mitogenic effects has been well
acknowledged, and in monocyte lineage cells, the infection
has been associated with growth arrest rather than increased
proliferation. Referring to the work by Yamaguchi et al. [20],
C. pneumoniae infection is often mentioned to induce
monocytes to macrophage maturation. Based on the data
presented in the current work, this may represent an over-
simplified view. The THP-1 cells used in the current study
were induced to differentiate with 72-h treatment with
PMA prior to C. pneumoniae infection. As described by
Daigneault et al. [38], this treatment induces gene expression
changes similar to primary monocyte to macrophage differ-
entiation within the days following PMA removal. The non-
infected cells of the current study represent a similar
situation, whereas the C. pneumoniae-infected cells seem to
undergo altered differentiation. This is characterized at least
by the infection-induced upregulation of CD14 and TLR2
(Table 1) and the alterations associated with the MDSC phe-
notype discussed above.

4. Conclusions

Monocytes and macrophages represent key cell populations
in chlamydial persistence due to the antibiotic-refractory
nature of the infection in these cells. They also have an
important role in disseminating the pathogen from the
respiratory tract to secondary sites of infection. The current
work sheds light on the macrophage responses regular front
C. pneumoniae infection at the proteome level, revealing the
prominent upregulation of proinflammatory cascades and
alterations in host cell cycle regulation pathways. Our data
indicates that C. pneumoniae infection alters macrophage
differentiation and disturbs the expression of host cell G1
stage-associated signaling molecules. Based on the growth-
promoting effect of the CDK4/6 inhibitor, such changes
favor chlamydial survival and progeny production in macro-
phages undergoing terminal differentiation.
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