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Abstract

Intracellular pathogens have developed various strategies to escape immunity to enable

their survival in host cells, and many bacterial pathogens preferentially reside inside macro-

phages, using diverse mechanisms to penetrate their defenses and to exploit their high

degree of metabolic diversity and plasticity. Here, we characterized the interactions of the

intracellular pathogen Chlamydia pneumoniae with polarized human macrophages. Primary

human monocytes were pre-differentiated with granulocyte macrophage colony-stimulating

factor or macrophage colony-stimulating factor for 7 days to yield M1-like and M2-like mac-

rophages, which were further treated with interferon-γ and lipopolysaccharide or with inter-

leukin-4 for 48 h to obtain fully polarized M1 and M2 macrophages. M1 and M2 cells

exhibited distinct morphology with round or spindle-shaped appearance for M1 and M2,

respectively, distinct surface marker profiles, as well as different cytokine and chemokine

secretion. Macrophage polarization did not influence uptake of C. pneumoniae, since com-

parable copy numbers of chlamydial DNA were detected in M1 and M2 at 6 h post infection,

but an increase in chlamydial DNA over time indicating proliferation was only observed in

M2. Accordingly, 72±5% of M2 vs. 48±7% of M1 stained positive for chlamydial lipopolysac-

charide, with large perinuclear inclusions in M2 and less clearly bordered inclusions for M1.

Viable C. pneumoniae was present in lysates from M2, but not from M1 macrophages. The

ability of M1 to restrict chlamydial replication was not observed in M1-like macrophages,

since chlamydial load showed an equal increase over time for M1-like and M2-like macro-

phages. Our findings support the importance of macrophage polarization for the control of

intracellular infection, and show that M2 are the preferred survival niche for C. pneumoniae.

M1 did not allow for chlamydial proliferation, but failed to completely eliminate chlamydial

infection, giving further evidence for the ability of C. pneumoniae to evade cellular defense

and to persist in human macrophages.
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Introduction

Macrophages, the first line of host defense against invading microbes, are frequently targeted

by intracellular pathogens that escape eradication by internalization, using antigen-presenting

cells as niche for survival and replication. It may seem paradoxical that macrophages, the very

cells equipped for pathogen destruction, provide a favorable environment for the lifecycle of a

number of bacteria. An intracellular existence in macrophages, however, may be appealing for

various reasons, e.g. to avoid pathogen recognition by antibodies and attack by aggressive effec-

tor molecules, or to exploit the high degree of metabolic diversity and plasticity of macrophages

[1]. Pathogens have evolved a number of different strategies to survive in macrophages [2, 3],

and cross-talk between intracellular pathogens and their host cells occurs within various mem-

brane-bound compartments or within the cytosol, depending on the nature of the invading

pathogen.

Chlamydia pneumoniae is a Gram-negative, obligate intracellular bacterium which causes

respiratory infections, such as acute pneumonia [4] and has been associated with a number of

chronic diseases including atherosclerosis or Alzheimer’s disease [5–7]. Chlamydiae exhibit a

unique dimorphic developmental cycle with extracellular infectious elementary bodies and

intracellular non-infectious reticulate bodies. In response to external triggers, C. pneumoniae

may enter a state of persistence, allowing the pathogen to ride out hostile conditions while

maintaining a long-term, chronic infection within membrane-bound compartments in the

cytoplasm of its host cells [4, 8]. There is evidence for the persistence of C. pneumoniae in pri-

mary human monocytes [9] and for their ability to replicate in monocyte-derived macrophages

[10, 11], but the interdependence of chlamydial infection and macrophage polarization is

unknown.

Activated macrophages are broadly classified into pro-inflammatory (M1) and anti-

inflammatory (M2) macrophages. The M1 phenotype is commonly induced by bacterial com-

ponents such as LPS and by the TH1 cytokine interferon-γ (IFN-γ), resulting in a pro-inflam-

matory response with microbicidal and tumoricidal capacity, while M2 are induced in

response to the TH2 cytokines IL-4 and /or IL-13 and mainly participate in parasite clearance,

damping of inflammation and tumor progression, tissue remodeling, and immunoregulation

[12–14]. Existing literature supports the idea that M2 macrophages might provide hospitable

niches for pathogen survival and replication due to their reduced antimicrobial capacity and

nutrient rich environment [15, 16]. Consequently, some species, such asMycobacterium

tuberculosis, Listeria monocytogenes, and Francisella tularensis have been shown to induce M2

phenotype characteristics in host macrophages to suit their own requirements [17–21]. On

the other hand, it is established that intracellular pathogens have evolved strategies to interfere

with M1 polarization and to neutralize M1-related effectors [22]. A recent study in a murine

model has shown that the intracellular survival and persistence of C.muridarum in mouse

macrophages is determined by their phenotypic plasticity [23], but it remains open whether

this holds also true for human Chlamydiae infecting polarized macrophages. Here, we investi-

gated the ability of C. pneumoniae to infect and survive in polarized human macrophages and

demonstrate that polarization towards the M2 phenotype favors survival and replication of C.

pneumoniae.

Materials and Methods

Ethics statement

Studies with human blood monocytes were approved by the ethics committee of the Medical

University Vienna (ECS2177/2013). Monocytes were obtained from healthy individuals eligible
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for single donor platelet apheresis in a blood bank setting. Written informed consent was

obtained from all donors prior to the onset of the study.

Cell culture media and reagents

Phosphate-buffered saline (PBS), gentamicin, amphotericin B, macrophage serum free

medium (MSF) were obtained from Invitrogen (Lofer, Austria). RPMI-1640, human male AB

serum (sterile-filtered), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), fetal

bovine serum (FBS), accutase, interleukin-4 (IL-4), interferon-γ (IFN-γ), and lipopolysaccha-

ride (LPS) from E. coli (055:B5, purified by gel filtration) were purchased from Sigma-Aldrich

(St Louis, MO, USA). Granulocyte macrophage colony-stimulating factor (GM-CSF) was pur-

chased from Novartis (Basel, Switzerland) and macrophage colony-stimulating factor (M-CSF)

from Peprotech, Rocky Hill, NJ.

Propagation of C. pneumoniae

C. pneumoniae strain CWL-029 was obtained from the American Type Culture Collection

(ATCC, VR-1310) and propagated in the human epithelial cell line HEp-2 (ATCC, CCL23) as

previously reported [9]. For chlamydial quantification, serially diluted elementary bodies (EBs)

were inoculated onto uninfected HEp-2 cells in 8-well μ-slides (ibidi, Martinsried, Germany)

which were cultured the day before, incubated for 48 h at 35°C, 5% CO2, and fixed in cold

methanol for 10 min, followed by immunofluorescence staining (see below). In order to

exclude mycoplasma contamination, cell culture and chlamydial stocks were regularly tested

using the Venor™GeMMycoplasma Detection Kit, targeting 16S rRNA genes (Minerva, Bio-

labs, Berlin, Germany).

Isolation of monocytes

Human peripheral blood mononuclear cells (PBMCs) were isolated from leukocyte reduction

system (LRS) chambers of a Trima Accel1 automated blood collection system (Terumo BCT,

Lakewood, CA) by Ficoll gradient centrifugation, as previously described [9]. Human mono-

cytes were purified from PBMCs by negative selection using the monocyte isolation kit II (Mil-

tenyi Biotec, Bergisch Gladbach, Germany) according to the manufacturer’s instructions. The

purity of CD14-positive monocytes was>87% as assessed by flow cytometry.

Macrophage differentiation

CD14+monocytes were cultured in 6-well plates at a concentration of 1x106 cells/mL in RPMI-

1640 medium supplemented with 10% FBS, 20 mMHEPES, 10 μg/mL gentamicin, 0.25 μg/mL

amphotericin B, 25 ng/mL GM-CSF or 50 ng/mL M-CSF, respectively, at 37°C in a humidified

atmosphere (5% CO2). After 7 days, macrophages were detached with accutase and washed

with PBS (300 g, 5 min, 4°C). GM-CSF or M-CSF treated macrophages (further designated as

M1-like or M2-like) were resuspended at a concentration of 4x105/mL in MSF medium supple-

mented with 20 mMHEPES and 2% AB serum, under antibiotic free conditions. M1-like mac-

rophages were differentiated into M1 macrophages in the presence of 25 ng/mL GM-CSF, 50

ng/mL IFN-γ and 100 ng/mL LPS for 48 h. M2 macrophages were obtained by culturing

M2-like macrophages in the presence of 50 ng/mL M-CSF and 20 ng/mL IL-4 for 48 h (Fig

1A). M0 macrophages were generated from monocytes as described for M1 and M2 macro-

phages, but without the addition of growth factors or cytokines. Culture supernatants were col-

lected at the respective times, and centrifuged at 600 g for 5 min at 4°C and stored at -80°C for

cytokine determination. The percentage of viable M1 and M2 macrophages was>96%, as
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assessed by gating according to their forward and side scatter characteristics and Annexin-V-

negative/PI-negative staining using flow cytometry.

Infection of polarized macrophages with C. pneumoniae

For infection of polarized macrophages, 4x104 chlamydial inclusion forming units (IFU) per

well were added to 4x105 M1 and M2 macrophages and co-cultured in a final volume of 1 mL

medium in 12 well plates at 37°C in 5% CO2 (Fig 1B). Mock controls were prepared following

the propagation, harvest and purification procedure for EBs [24, 25], but in the absence of chla-

mydial infection. Culture supernatants were collected 24 h after infection, centrifuged immedi-

ately thereafter, and stored at −80°C until quantification of cytokines. Cells were processed for

real-time quantitative PCR to quantify chlamydial load (see below).

To investigate the capacity of C. pneumoniae to infect M1-like and M2-like macrophages

and to induce further macrophage polarization, M1-like and M2-like macrophages were cul-

tured in MSF-medium supplemented with 2% AB serum in the presence of either GM-CSF

and IFN-γ or M-CSF and IL-4 with and without addition of C. pneumoniae (4x104 IFU/well in

a final volume of 1 mL in 12 well plates) at 37°C in 5% CO2 (Fig 1C). Culture supernatants

were collected after 48 h, centrifuged and stored at −80°C until quantification of cytokines.

Cells were processed for real-time PCR to quantify chlamydial load.

Recovery assay

Fully polarized macrophages (8x105) exposed to C. pneumoniae (8x104 IFU) were washed with

PBS, and cells were scraped and vortexed with zirconium dioxide beads. Chlamydial bodies

Fig 1. Macrophage Polarization. (A) CD14 positive human blood monocytes were treated either with 25 ng/mL GM-CSF or 50 ng/mL M-CSF for 7 days to
yield M1-like or M2-like macrophages. M1-like macrophages were activated with GM-CSF, LPS and 50 ng/mL IFN-γ for an additional 48 h to yield M1
macrophages, while M2-like macrophages were treated with M-CSF and IL-4 to yield M2. (B) To examine the impact of macrophage polarization on survival
and proliferation of C. pneumoniae, M1 and M2 macrophages were infected and cultured withC. pneumoniae for 24 h. (C)M1-like macrophages were
infected with C. pneumoniae and cultured for 48 h in the presence of GM-CSF and IFN-γ, while infected M2-like macrophages were cultured with M-CSF and
IL-4. Uninfected macrophages served as control.

doi:10.1371/journal.pone.0143593.g001
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were obtained from the lysates by centrifugation as described [9] and passaged once onto

8x104 HEp-2 cells. At 48 hours post infection, HEp-2 cells were fixed and stained for immuno-

fluorescence [9].

Real-time quantitative PCR

Isolation and quantification of DNA was performed as described [9]. In brief, C. pneumoniae

genomes were quantified by real-time PCR, targeting a 222 bp sequence on Chlamydia 16S

rRNA. The oligonucleotide primers and TaqMan probes were synthesized by Microsynth AG

(Balgach, Switzerland) and used as described in detail previously [26]. Real-time PCR reactions

were performed in a final volume of 20 μL including 2.5x Master Mix and Taq polymerase

(Mastermix 16S, Molzym, Bremen, Germany), forward primer (0.75 μM), reverse primer

(0.75 μM), FAM-TAMRA probe (0.75 μM) and 2 ng of DNA. Amplification and detection

were performed for 10 min at 95°C, followed by 50 cycles of 10 s at 95°C and 65 s at 60°C. Stan-

dards of known concentration (101, 102, 103, 104, 105 and 106 copies) were prepared for the 16S

rDNA target gene from PCR amplified C. pneumoniaeDNA of infected macrophages by con-

ventional PCR, and purified with a QIAmp Mini DNA kit according to the manufacturer’s

instructions. Samples were run in triplicate and all reactions were carried out using the iCycler

IQ system (BioRad, Vienna, Austria).

Immunofluorescence

To visualize chlamydial inclusions, cells were directly stained with FITC-conjugated anti-Chla-

mydia-LPS monoclonal antibody and human cells were counterstained with Evans Blue (Path-

finder, Bio-Rad, Vienna, Austria) according to the manufacturer’s protocol. Nuclei were

stained with 1.5 μM 4',6-diamidino-2-phenylindole (DAPI, Sigma Aldrich, MO, USA) and

fluorescence images were acquired with a Zeiss LSM 700 laser scanning confocal microscope

(Carl Zeiss, Jena, Germany) using a 40 x oil objective (numerical aperture 1.3) or a 63 x oil

objective (numerical aperture 1.4). Percentages of C. pneumoniae positive cells were calculated

by counting a minimum of 100 cells per slide.

Flow cytometry

The purity of isolated monocytes was examined by determination of CD14 positive cells as

described [9]. Macrophage subsets were detached with ice cold PBS containing 1.5 mM EDTA

and washed with PBS. 5x105 macrophages per 50 μL PBS/2%FBS were stained with 5 μL PE-

conjugated CD14 (clone RMO52), CD11b (clone D12), CD86 (clone 2331), HLA-DR (clone

L243), CD163 (clone GHI/61), CD209 (clone 9E9A8) and FITC-conjugated CD206 (clone

19.2) or with the appropriate isotype control antibodies (BD Biosciences). After one washing

step, marker expression was analyzed on an FC 500 flow cytometer (Beckman Coulter), and

data were analyzed using the FlowJo software (Tree Star Inc, Ashland, OR). Living macro-

phages were gated according to their forward- and side scatter characteristics and apoptotic or

dead cells were excluded using the Annexin V-FITC/PI apoptosis detection kit (BD Biosci-

ences). Data are shown as mean fluorescence intensity (MFI) from three independent

experiments.

Quantification of cytokines

Tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, IL-6, IL-12p70, IL-12p40, IL-10, CCL17

and CCL24 were determined in culture supernatants using the Bio-Plex 200 system (Bio-Rad,

Vienna, Austria).

Influence of Macrophage Polarization on Survival ofC. pneumoniae
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Statistical analysis

Statistical analysis was performed using the software package SPSS Statistics for Windows, ver-

sion 18.0 (SPSS Inc., Chicago, Illinois, USA). When comparing two groups, data were analyzed

by the nonparametric Wilcoxon rank sum test. Data are expressed as means ± SD. Significance

was accepted at P� 0.05.

Results

M1 and M2 macrophages differ with respect to morphology, surface
marker expression, as well as cytokine and chemokine secretion

M1-like and M2-like macrophages (obtained by treatment of monocytes with GM-CSF or

M-CSF, respectively, for 7 days) exhibited round shape. M1 macrophages (obtained by treat-

ment of M1-like macrophages with LPS and IFN-γ for 48 h) predominantly retained this mor-

phology, whereas the majority of M2 macrophages (obtained by treatment of M2-like

macrophages with IL-4) had a spindle-shaped appearance (Fig 2A). M1 macrophages displayed

increased size and granularity as compared to M2 cells, as shown by their forward and side

scatter characteristics in flow cytometry (Fig 2B).

The different polarization states were associated with distinct surface marker profiles, as

revealed by flow cytometric analysis of CD14, CD11b, CD206, CD163, CD209, CD86, as well

as HLA-DR surface expression (Fig 2C). The monocyte marker CD14 was retained on M2, but

not on M1 macrophages. CD11b, CD163, CD206, and CD209 were highly expressed on M2

macrophages, but to a significantly lesser extent on M1 macrophages. Of note, M1-like macro-

phages exhibited high CD206 expression, but strong down-regulation occurred on fully polar-

ized M1 macrophages. M1 macrophages displayed significantly higher CD86 and HLA-DR

levels as compared to M2. HLA-DR was highly expressed on M2-like macrophages, but was

significantly down-regulated on fully polarized M2.

M1-like and M2-like macrophages secreted only negligable amounts of TNF-α, IL-1β,

IL12p70, and IL-12p40, and very low levels of IL-6 as well as IL-10. M1-like macrophages,

however, produced high amounts of the chemokines CCL17 and CCL24. The latter was also

secreted by M2-like macrophages, albeit to a lesser extent as compared to M1-like macrophages

(Fig 3). Polarization of M1-like and M2-like into M1 and M2 macrophages caused a dramatic

change in the array of secreted soluble signals. M1 macrophages released high amounts of

TNF-α, IL-1β, IL-6, IL12p70, and IL-12p40, while the secretion of these cytokines was very low

or undetectable in M2 macrophages. The high CCL17 secretion observed in M1-like macro-

phages was not further enhanced by polarization to M1, whereas polarization of M2-like mac-

rophages to M2 was associated with strong upregulation of CCL17.

C. pneumoniae favor M2 macrophages as survival niche

To examine the impact of macrophage polarization on the survival and proliferation of the

intracellular pathogen C. pneumoniae, M1 and M2 macrophages were infected and cultured

with C. pneumoniae for 24 h. While infected M1 macrophages retained their round shape,

infected M2 drastically changed their morphology into elongated, fibroblast-like, spindle-

shaped cells (Fig 4A). M2 contained typical large chlamydial inclusions with perinuclear locali-

zation, whereas M1 harbored less clearly bordered inclusions of cloudy appearance (Fig 4B).

Reinfection of fresh HEp-2 cells confirmed viable Chlamydia in lysates fromM2, but not from

M1 macrophages (Fig 4C). Along this line, 72±5% of M2 vs. 48±7% of M1 stained positive for

chlamydial LPS in immunofluorescence, indicating a higher ability of M1 to control chlamydial

infection (Fig 4D). To confirm these results, the expression of chlamydial 16S rDNA was
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determined by quantitative real-time PCR in M1 and M2 macrophages after 6 and 24 h of

infection. Macrophage polarization did not influence chlamydial uptake, since the copy num-

ber of chlamydial DNA did not differ significantly for M1 and M2 after 6 h of infection. The

copy number of C. pneumoniae DNA in M2 macrophages, however, increased over time (6 vs.

24 h post infection), while it remained unchanged in M1. This gave rise to significantly higher

levels of chlamydial DNA in infected M2 macrophages as compared to M1 after 24 h. No chla-

mydial DNA was detected in uninfected macrophages (Fig 4E).

To investigate whether chlamydial infection would induce macrophage polarization, we

infected M0 macrophages (obtained by cultivation of monocytes for 9 days in the absence of

stimuli) with C. pneumoniae for 24 h. The observed cytokine secretion pattern pointed to an

Fig 2. Morphology and surfacemarker expression of polarized macrophages.Monocytes were cultured and polarized as shown in Scheme 1A to
generate M1-like, M2-like, M1, and M2 macrophages. Morphology was assessed by light microscopy (panel A, scale bar 100 μm) and by flow cytometry
according to forward/side scatter characteristics (panel B). The expression of surface markers was determined by flow cytometry (panel C). Data are
expressed as mean ± SD for 3 independent experiments. MFI, mean fluorescence intensity.

doi:10.1371/journal.pone.0143593.g002
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initial pro-inflammatory response with high release of TNF-α, followed by a trend towards M2

polarization with increasing IL-10 secretion (S1 Fig).

Infection of M2 macrophages with C. pneumoniae enhances cytokine
release

Infection of M2 macrophages with C. pneumoniae resulted in significantly enhanced release of

TNF-α, IL-6, IL12p70, IL-12p40, IL-10, CCL17, and CCL24 as compared to uninfected M2

cells. Chlamydial infection of M1, in contrast, was not associated with increased cytokine

secretion, most likely due to the high baseline cytokine secretion induced by LPS used for M1

differentiation.

Fig 3. Cytokine secretion of polarizedmacrophages.Monocytes were cultured and polarized as shown in Scheme 1A to generate M1-like, M2-like, M1,
and M2macrophages. Cytokines were quantified in the culture supernatants of M1-like and M2-like macrophages after 7 days, and in the supernatants of M1
and M2macrophages after an additional 48 h. Concentrations are expressed as mean ± SD for 3 independent experiments.

doi:10.1371/journal.pone.0143593.g003
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Infected M1 released higher amounts of cytokines than infected M2, with the exception of

the anti-inflammatory mediator IL-10, which was released to a significantly higher extent by

infected M2. No difference in secretion of the chemokines CCL17 and CCL24 was observed

between infected M1 and M2 macrophages (Fig 5).

Fig 4. Visualization and quantification ofC. pneumoniae in M1 and M2macrophages.Monocytes were cultured and polarized as shown in Scheme 1B
and fully polarized M1 and M2macrophages (4x105/mL each) were infected with C. pneumoniae (4x104 IFU) for 24 h. The morphology of infected M1 and M2
macrophages was determined by light microscopy (panel A, scale bar 100 μm). C. pneumoniae (green) was detected in M1 and M2macrophages at 24 h
post infection using immunofluorescence (panel B; scale bar = 20 μm). Cells were counterstained with Evans Blue (red), and DNA was visualized with DAPI
(blue). Recovery of C. pneumoniaewas evaluated by recultivating disrupted M1 and M2 macrophages 24 h post infection in HEp-2 cells (panel C; scale
bar = 20 μm). The percentage of M1 and M2 macrophages that stained positive for C. pneumoniae at 24 h post infection was calculated by counting a
minimum of 100 cells per slide (panel D).C. pneumoniae 16S rDNA was quantified by real-time PCR in infected M1 and M2macrophages and in uninfected
cells at 6 and 24 h post infection (panel E). Data are expressed as mean ± SD for 3 independent experiments.

doi:10.1371/journal.pone.0143593.g004
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C. pneumoniae proliferate in M1-like as well as in M2-like macrophages

To assess whether the capability of fully polarized M1 macrophages to restrict chlamydial repli-

cation was also present at the level of M1-like macrophages, M1-like and M2-like macrophages

were infected with C. pneumoniae, and chlamydial load was analyzed by immunofluorescence

and real-time PCR (Fig 6). About 60±17% of all cells stained positive for chlamydial LPS, with

no difference between M1-like and M2-like macrophages (Fig 6B). Comparable amounts of

chlamydial LPS were present in M1-like and M2-like cells after 48 h, but chlamydial LPS

seemed to be spread in the cytoplasm in M2-like macrophages, while chlamydial inclusions

appeared as dense aggregates in the cytoplasm of M1-like macrophages (Fig 6A).

Fig 5. Cytokine release of M1 and M2macrophages infected withC. pneumoniae.Monocytes were cultured and polarized as shown in Scheme 1B and
fully polarized M1 and M2macrophages (4x105/mL each) were infected with C. pneumoniae (4x104 IFU) for 24 h. Cytokine concentrations are expressed as
mean ± SD for 3 independent experiments.

doi:10.1371/journal.pone.0143593.g005

Influence of Macrophage Polarization on Survival ofC. pneumoniae

PLOSONE | DOI:10.1371/journal.pone.0143593 November 25, 2015 10 / 16



Real-time PCR showed no differences in the copy numbers of intracellular C. pneumoniae

between M1-like and M2-like macrophages after 6 h of infection, providing further evidence

that chlamydial uptake did not differ for M1-like and M2-like macrophages. Chlamydial load

increased over time in both M1-like and M2-like cells, indicating replication of C. pneumoniae

in both M1-like and M2-like macrophages, while no chlamydial DNA was detected in unin-

fected macrophages (Fig 6C).

To further examine the influence of LPS used during M1 polarization on cytokine secretion

(see above), we used M1-like macrophages cultivated in the absence of LPS and found that

they were fully reactive to C. pneumoniae infection. In analogy with fully polarized M1,

infected M1-like macrophages showed higher cytokine release than infected M2-like macro-

phages, again with the exception of the anti-inflammatory mediator IL-10 which was released

to a significantly higher extent by infected M2-like cells (S2 Fig).

Discussion

Macrophages represent a diverse population of phagocytic cells residing in tissues throughout

the body, providing an environment for survival and replication of a number of intracellular

Fig 6. Detection ofC. pneumoniae in M1-like and M2-like macrophages.M1-like and M2-like macrophages (4x105/mL each) were polarized as shown in
Scheme 1C and were infected withC. pneumoniae (4x104 IFU) for 24 h. C. pneumoniae (green) was detected in M1-like (panel A, top) and M2-like
macrophages (panel A, bottom) at 48 h post infection using immunofluorescence (scale bar = 20 μm). Cells were counterstained with Evans Blue (red), and
DNA was visualized with DAPI (blue). The percentage of infected M1-like and M2-like macrophages at 48 h post infection was calculated by counting a
minimum of 100 cells per slide (panel B). C. pneumoniae 16S rDNA was quantified by real-time PCR in infected M1-like and M2-like macrophages and in
uninfected cells at 6 and 48 hours post infection. Data are expressed as mean ± SD for 3 independent experiments.

doi:10.1371/journal.pone.0143593.g006
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bacteria. Several studies have demonstrated persistence of C. pneumoniae in primary human

monocytes as well as replication in monocyte-derived macrophages [9, 11, 27, 28]. Findings

from an in vivomouse model using C. pneumoniae indicate an impact of macrophage polariza-

tion on the course of chronic lung inflammation, suggesting that M1 macrophages result in

enhanced inflammation, tissue injury, and fibrosis [29]. Moreover, it has recently been shown

in a murine model in vitro that the intracellular survival and persistence of C.muridarum in

mouse macrophages is determined by their phenotypic plasticity [23]. The interdependence of

chlamydial infection and macrophage polarization in the human system, however, is still

unknown.

To explore the ability of C. pneumoniae to survive in polarized human macrophages and to

assess the influence of macrophage polarization on the control of chlamydial infection, we pre-

differentiated human monocytes with GM-CSF and M-CSF for 7 days, followed by treatment

of the resulting M1-like and M2-like macrophages with IFN-γ/LPS or IL-4 for 48 h to yield M1

and M2 macrophages. It is well established that colony-stimulating factors induce functional

heterogeneity in monocyte-derived macrophages [30–32], and pre-differentiation with

GM-CSF and M-CSF has been demonstrated to enhance the final M1/M2 activation status

[33]. Since pro-inflammatory M1 and anti-inflammatory M2 macrophages represent two poles

of a continuum of overlapping cellular activities [22, 34, 35], we used a combination of morpho-

logical parameters, surface marker expression, and cytokine secretion [36] to define the polari-

zation outcomes and to characterize the macrophage subpopulations. Fully polarized M1 and

M2 macrophages were clearly discriminated by their morphology, as shown by microscopy as

well as by flow cytometric analysis of their forward and side scatter characteristics. M1 and M2

polarization resulted in distinct surface marker profiles with high expression of the co-stimula-

tory molecule CD86 on M1 and high levels of CD11b, CD163, as well as the mannose-binding

lectin receptors CD206 and CD209 on M2 macrophages. Contrasting published data for

human macrophages [32], where CD206 did not discriminate between M1 and M2 polariza-

tion, we observed comparable CD206 expression on pre-polarized M1-like and M2-like macro-

phages, but strong CD206 up-regulation during full M2 polarization. While differences in the

polarization protocols, in particular the length of the polarization phase, may account for these

divergences, they also illustrate the dynamics of macrophage polarization, which is crucially

influenced by the microenvironment and may result in mixed phenotypes with co-existence of

M1 and M2 signatures [37]. Complementing morphological characterization and surface

marker expression, we determined cytokine release to define polarization outcomes. Cytokine

secretion was very low or completely lacking in M1-like and M2-like macrophages, while M1

polarization was associated with release of high amounts of TNF-α, IL-1β, IL-6, IL12p70, and

IL-12p40. Remarkably, the anti-inflammatory mediator IL-10 was upregulated in M1, but not

in M2 macrophages; yet this confirms previous findings in murine and human models [23, 38].

M1 and M2 polarization did not affect uptake of C. pneumoniae, as revealed by the presence

of comparable copy numbers of C. pneumoniae DNA in M1 and M2 macrophages at 6 h post

infection, but an increase in copy numbers over time indicating proliferation of C. pneumoniae

was detected for M2 macrophages only, while copy numbers in M1 macrophages remained

stable. Accordingly, a significantly higher percentage of M2 stained positive for chlamydial

LPS in immunofluorescence at 24 h post infection. The morphology of chlamydial inclusions

was clearly different for M1 and M2, with typical large inclusions nestled in the perinuclear

region in M2 cells and diffuse, cloudy, non-perinuclear inclusions in M1 cells. Large chlamyd-

ial inclusions have previously been described in M2 (23), and the perinuclear localization may

provide factors essential for chlamydial development [39]. Reinfection of HEp-2 cells with

lysates from M1 and M2 confirmed the presence of viable C. pneumoniae in M2, but not in

M1 macrophages.
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In line with data from a murine model [23], these findings provide strong evidence for the

enhanced ability of M1 to control intracellular bacteria also in the human system. Interferon-γ-

mediated microbicidal activity with high levels of pro-inflammatory cytokines, production of

reactive oxygen species, iNOS-dependent reactive nitrogen intermediates, as well as indolea-

mine 2,3-dioxygenase leading to tryptophan depletion [40–42] may explain the restriction of

chlamydial replication in M1. Pre-polarized M1-like and M2-like macrophages, in contrast,

did not differ with respect to their ability to control chlamydial infection, since chlamydial

DNA increased over time in both M1-like and M2-like cells, and equal percentages of M1-like

and M2-like macrophages stained positive for chlamydial LPS.

While our data support the notion that M2 polarization favors survival and replication of C.

pneumoniae, we did not find definite evidence that C. pneumoniae would interfere with M1

polarization or would induce an M2 phenotype in macrophages, since infection of M0 macro-

phages generated by cultivation of monocytes in the absence of stimuli for 9 days elicited an

initial pro-inflammatory response with high release of TNF-α and IL-12, followed by high IL-

10 release at later time points.

In conclusion, our findings support the relevance of macrophage polarization in the control

of chlamydial infection and are the first demonstration in the human system that M2 macro-

phages are the preferred niche for survival and replication of the intracellular pathogen C.

pneumoniae. The fact that M1 macrophages failed to completely eliminate chlamydial infection

underscores the ability of C. pneumoniae to evade cellular defense and to persist in host macro-

phages over time.

Supporting Information

S1 Fig. Infection of M0 macrophages with C. pneumoniae.Monocytes (1x106 cells/mL) were

cultured in RPMI-1640/10%FBS for 7 days. After harvesting, 4x105/mL macrophages were

resuspended in MSF medium/2% AB serum without antibiotics and cultured 48 hours. M0

macrophages were infected with C. pneumoniae (4x104 IFU) for 24 hours. Cytokine secretion

of infected M0 macrophages after 6 and 24 hours was quantified using the Bio-Plex 200 system

(Fig A). Morphology was assessed using light microscopy; scale bar: 200 μm (Fig B). C. pneu-

moniae 16S rDNA copies in infected M0 macrophages and uninfected cells were quantified at

6 and 24 hours post infection by real-time PCR (Fig C). Concentrations are expressed as

mean ± SD for 3 independent experiments.�P� 0.05

(PDF)

S2 Fig. Cytokine release of M1-like and M2-like macrophages infected with C. pneumoniae.

Monocytes were cultured and polarized as shown in Scheme 1C. M1-like and M2-like macro-

phages (4x105/mL each) were infected with C. pneumoniae (4x104 IFU) for 48 h. Cytokine con-

centrations are expressed as mean ± SD for 3 independent experiments.

(PDF)
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