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Abstract

Macrophages can display a number of distinct phenotypes, known collectively as polarized macrophages. The best
defined of these phenotypes are the classically-activated, interferon gamma (IFNγ)/LPS induced (M1) and
alternatively-activated, IL-4 induced (M2) macrophages. The goal of this study is to characterize macrophage-
Chlamydia interactions in the context of macrophage polarization. Here we use Chlamydia muridarum and murine
bone-marrow derived macrophages to show Chlamydia does not induce M2 polarization in macrophages as a
survival strategy. Unexpectedly, the infection of macrophages was silent with no upregulation of M1 macrophage-
associated genes. We further demonstrate that macrophages polarized prior to infection have a differential capacity
to control Chlamydia. M1 macrophages harbor up to 40-fold lower inclusion forming units (IFU) than non-polarized or
M2 polarized macrophages. Gene expression analysis showed an increase in 16sRNA in M2 macrophages with no
change in M1 macrophages. Suppressed Chlamydia growth in M1 macrophages correlated with the induction of a
bacterial gene expression profile typical of persistence as evident by increased Euo expression and decreased Omp1
and Tal expression. Observations of permissive Chlamydia growth in non-polarized and M2 macrophages and
persistence in M1 macrophages were supported through electron microscopy. This work supports the importance of
IFNγ in the innate immune response to Chlamydia. However, demonstration that the M1 macrophages, despite an
antimicrobial signature, fail to eliminate intracellular Chlamydia supports the notion that host–pathogen co-evolution
has yielded a pathogen that can evade cellular defenses against this pathogen, and persist for prolonged periods of
time in the host.
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Introduction

The Chlamydiaceae are a family of pathogens which have
evolved closely with their hosts for millennia [1]. Chlamydia
trachomatis is the most common cause of infectious blindness
and the most common sexually transmitted bacterial infection
in humans [2]. The murine pathogen Chlamydia muridarum, a
close relative of C. trachomatis [3], is commonly employed for
animal models of human Chlamydia infections.

Understanding of the pathogenesis of these organisms has
been limited by their obligate intracellular nature and complex
biphasic lifecycle. Extracellular elementary bodies (EB) are
infectious but non-replicative, whereas intracellular reticulate
bodies (RB) are non-infectious but replicative [4]. The RB are
found in bacteria-modified vesicles, or inclusions. A third,
stress-induced stage in the organism’s life cycle has been
identified, persistence, in which Chlamydia grow but do not
divide, resulting in enlarged aberrantly shaped RB. In vitro

persistence is induced by interferon gamma (IFNγ) and
antibiotics, and has been well characterized in epithelial cells
and fibroblasts. Spontaneous persistence in mononuclear
phagocytes has also been observed [5]. Traditionally
persistence was defined as the circumstance in which
Chlamydia could be directly detected in infected cells through
microscopy with a reduced ability to culture. Recent work has
characterized persistence on the molecular level with gene and
protein expression profiles [5].

Despite its induction of persistence in vitro, IFNγ has been
shown unambiguously to be essential for the control of
Chlamydia, particularly for the host innate immune response
[6,7]. At the point of entry, Chlamydia infect epithelial cells
which are permissive to their growth. This rapidly elicits an
innate immune response consisting of mononuclear cells,
polymorphonuclear phagocytes and innate lymphocytes.
Chlamydia is able to infect these innate immune cells, albeit
less effectively than epithelial cells [8]. The importance of
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mononuclear phagocytes (monocytes and macrophages), is
reflected in the increased morbidity and mortality of animals
selectively depleted of these cells [9,10]. Further, in models of
Chlamydia infection, a mononuclear infiltrate correlates with a
reduced pathological injury [11]. Recent evidence has shown
that Chlamydia can survive in macrophage albeit much
reduced in comparison to epithelial cells [12]. The initial signals
to recruit and coordinate these cells remain unclear, but
resident immune cells such as macrophages, may play an
important role.

Macrophages comprise a significant proportion of cells in
healthy tissues [13] and are rapidly differentiated from
monocytes recruited during inflammation. It has long been
recognized that morphologically and spatially, macrophages
represent a heterogeneous population of related cells, however
only recently have these differences been functionally
classified. Classically activated (M1) macrophages arise from
IFNγ/toll-like receptor (TLR) stimulation whereas alternatively
activated (M2) macrophages arise from IL-4 stimulation.
Consensus has not been reached on the optimum method of
detection of macrophage phenotypes, but quantitative real-time
PCR (RT-PCR) remains the current gold standard. It is
unknown whether these phenotypes represent extremes on a
spectrum of activation states, or chronological states of
activation [14,15], yet it is an established phenomenon in vitro
with work ongoing to characterize polarization in vivo. Unlike
the terminal differentiation seen in adaptive immune cells,
polarized macrophages remain relatively plastic in that they are
able to take on multiple phenotypes depending on the stimuli,
reflecting the broad adaptability of the innate immune system in
contrast to the rigid specialization of adaptive immunity.

There is an increasing awareness that macrophage
polarization plays an important role in infectious diseases
[16,17]. M1 macrophages have been shown to possess
bactericidal properties, especially against intracellular
pathogens, whereas M2 macrophages support the growth of
the same pathogens [18]. Selected intracellular pathogens,
such as Francisella, have been shown to induce an M2
polarization in macrophages, allowing for their replication at the
expense of the host [19]. Although Chlamydia has been
reported to infect cells of the monocytic lineage, Chlamydia’s
effect on macrophage polarization has yet to be explored, and
the ability of Chlamydia to infect polarized macrophages
remains unresolved. Here we show Chlamydia does not induce
macrophage polarization during intracellular infection as other
intracellular bacteria do. We also demonstrate that polarized
macrophages have a differential capacity to control Chlamydia,
with M2 macrophages being permissive to Chlamydia growth
and M1 macrophages being able to control Chlamydia through
the induction of persistence.

Results

Chlamydia infection does not alter the polarization
state of non-polarized (M0) macrophages

Based on reports of intracellular pathogens being able to
induce an M2 profile in macrophages [17,19], we initially
hypothesized that Chlamydia would do the same. We assessed

the state of macrophage polarization using RT-PCR as this
remains the gold standard method. Our positive controls,
macrophages polarized to M1 or M2, showed expected
expression profiles of key M1 or M2 markers (Figure 1A). Non-
polarized bone marrow derived macrophages (BMDM) showed
very little difference in the expression of key M1 or M2 genes
upon infection compared to the large differences shown in
polarized macrophages (Figure 1B). Chlamydia 16sRNA was
highly expressed in infected macrophages, but was not present
in uninfected macrophages.

Polarized macrophages are not infected equally
As it is known that M1 macrophages have an enhanced

ability to control intracellular bacteria, we examined how pre-
polarized primary macrophages may affect the outcome of
infection with Chlamydia. We infected pre-polarized
macrophages with Chlamydia over a time course of 6 to 48 hr.
At the designated time points we fixed and directly stained the
macrophages for Chlamydia (Figure 2). At early time points
most macrophages contained a number of small inclusions
staining for Chlamydia. The number of inclusions per cell or
number of cells infected appeared independent of macrophage
phenotype, although this was not possible to quantify owing to
the dispersed nature of the early inclusions. Interestingly, we
observed these inclusions to be perinuclear in nature,
consistent with previous reports on Chlamydia inclusion
trafficking to the microtubule organizing centre (MTOC) [20]. At
later time points (>24 hr), large inclusions comparable in
morphology to those seen during Chlamydia growth in
fibroblasts, were visible only in M0 and M2 infected
macrophages but not M1 macrophages. Small inclusions were
still seen in all macrophage phenotypes at these time points,
albeit at a lower frequency than at earlier time points.
Secondary infections were evident at 48 hr, visible as a cluster
of infected cells (data not shown).

Enumeration assays were used to quantify the effect of
macrophage polarization on Chlamydia growth. As mature
Chlamydia EB escape from infected cells into the supernatant,
we harvested the supernatant and cell lysate for enumeration.
This however presented a subsequent problem as
macrophages release copious cytokines, some of which could
affect Chlamydia growth during enumeration in fibroblasts. For
this reason we performed ultracentrifugation to separate EB
from cell debris and supernatants for each BMDM sample prior
to enumeration. Using this protocol, we showed a 20-40 fold
decrease in inclusion forming units (IFU) after growth in M1
macrophages versus M0 or M2 macrophages respectively (24
hr, p<0.001; 48 hr p<0.001) (Figure 3A). Low levels of
Chlamydia at 6 and 12 hr post-infection (p.i.) represent residual
EB left in each well after washing, since during these time
points intracellular Chlamydia are expected to be in the non-
infectious RB form.

We repeated experiments at 24 hr p.i. with an increased
number of individual experiments (Figure 3B) to assess
whether the trend of higher IFU in M2 versus M0 macrophages
seen in Figure 3A was significant. For each individual
experiment we normalized IFU seen in M1 and M2
macrophages to IFU in M0 macrophages to account for inter-
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experiment variation. This analysis showed M2 macrophages
to harbor a significantly higher Chlamydia load than M0
macrophages, suggesting enhanced susceptibility to infection.

Figure 1.  Chlamydia muridarum does not induce a gene
expression profile of polarization in naïve
macrophages.  Gene expression profiles determined by RT-
PCR of BMDM. (A) Positive controls of polarized BMDM show
differential expression in key M1- and M2-associated genes
relative to expression seen in M0 macrophages. (∆) denotes
detectable Retnla expression in M2 macrophages but no
detection in M0 or M1 macrophages. (B) M0 macrophages
were infected for 24 hr with 1 MOI Chlamydia. 16sRNA
detected in infected macrophages by RT-PCR, but not
uninfected indicative of bacterial presence. Expression of M1-
associated genes and expression of M2-associated genes
show no significant alteration with infection as determined by
one-sample t-test against hypothetical value of 1.0. (∆∆)
denotes no Retnla detected in uninfected or uninfected
macrophages. Data are averages ±SEM from three
independent experiments.
doi: 10.1371/journal.pone.0069421.g001

RT-PCR demonstrates control of Chlamydia by M1
macrophages involves persistence

As measuring Chlamydia IFU provides information on the
number of viable infectious Chlamydia, we examined the state
of intracellular Chlamydia through RT-PCR. For these
experiments any free EB were excluded by removing media
and washing cells once with PBS prior to RNA extraction. We
initially examined C. muridarum 16sRNA expression as an
indicator of the number of viable intracellular Chlamydia.
Relative to that observed in M0 macrophages, 16sRNA levels
were significantly lower in M1 macrophages from 6 to 48 hr p.i.
(Figure 4A), whereas 16sRNA levels remained at similar levels
in M2 macrophages compared to M0 macrophages.

As fold change does not distinguish whether the observed
change is from increased expression in the control (M0) or
reduced expression in the treatment (M1), we re-analyzed this
data as delta cycle threshold (∆Ct) (Figure 4B). To minimize
error, concentrations of cDNA template were standardized and
we kept the Ct constant for both HPRT and 16sRNA for all
samples. The results show that 16sRNA, which was expressed
at higher levels than HPRT in all samples, was significantly
lower in M1 than M0, but no different in M2 than M0. In M1
macrophages ∆Ct 16sRNA did not change significantly from
6hr timepoint as assessed by repeated measures one-way
ANOVA with Dunnett’s post test. This indicates that M0 and M2
macrophages are permissive to intracellular Chlamydia growth,
whereas M1 macrophages appear to control Chlamydia.

To further examine the nature of Chlamydia control in M1
macrophages we measured bacterial gene expression. To
date, persistence in C. muridarum has not been assessed
through gene expression, so we selected candidate genes
based on genes differentially expressed in other species of
Chlamydia during persistence. Using this approach we
screened genes reported to be up-regulated -Euo, IncA,
GroEL2 and GroEL3 [21,22] - or down-regulated - omp1,
omcB, FtsK and Tal [23-25]- in M1 and M0 macrophages after
24 hr growth (data not shown). In preliminary experiments Euo
was consistently up-regulated and Tal and Omp1 were
consistently down-regulated so were selected for further
experiments. Analysis of the expression of these genes
showed significant differential expression during growth in M1
versus M2 macrophages at 6 to 24 hr post infection (Figure 5).
At 48 hr p.i. the significance was lost, most likely due to
secondary infections seen in M0 macrophages leading to
asynchronized infection.

Electron microscopy (EM) confirms that replication and
persistence depend critically on macrophage
polarization

Classically, Chlamydia persistence was identified through the
observation of inclusions with enlarged RB of aberrant
morphology. Immunofluorescence staining of Chlamydia
detects Chlamydia antigen, but not live intact Chlamydia. For
this reason we sought to confirm the profiles of replicative and
persistent growth of Chlamydia with EM. We examined
uninfected macrophages (not shown) and infected
macrophages of each phenotype (Figure 6). As previously
reported [26], and as observed with direct staining, inclusions
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Figure 2.  Polarized macrophages are not infected equally.  BMDM plated at 2.5 x105 cells/well in 24 well plate and pre-
polarized prior to infection for 6–48 hr. Cells fixed and stained with anti-LPS antibody. Representative images of duplicate wells at 6
hr and 24 hr p.i. By 24 hr p.i. large, visible inclusions (white arrows) where seen in M0 and M2 macrophages, but not M1
macrophages. Scale bar is 50µm.
doi: 10.1371/journal.pone.0069421.g002

Figure 3.  M1 macrophages demonstrate lower Chlamydia load than M0 and M2 macrophages.  Polarized BMDM were
infected for the indicated time points. (A) Chlamydia growth seen at 24 and 48 hr p.i. was significantly higher in M0 and M2
macrophages versus M1 macrophages as determined by repeated measures two-way ANOVA with Boneferroni post-test. Data is
mean ±SEM from three independent experiments. (B) At 24 hr p.i. M2 macrophages contain significantly more IFU than M0
macrophages whilst M1 macrophages contain less. As inter-experimental IFU differed, IFU in M1 and M2 normalized to that in M0
prior to analysis. Data is mean ±SEM from six independent experiments and analyzed by one-sample t-test against hypothetical
value of 1.0.
doi: 10.1371/journal.pone.0069421.g003
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within macrophages typically do not fuse to form a large
inclusion, rather they tend to remain small with a low number of
Chlamydia particles. As macrophages are rich with
phagosomes and lysosomes, the detection of average smaller
inclusions was difficult, however fully mature, enlarged
inclusions were seen in M0 and M2 macrophages at a
frequency similar to those observed with immunofluorescence
and as previously reported [12,27]. Despite extensive scanning
of infected M1 macrophage EM sections, such inclusions were
not seen, however smaller intracellular vesicles with 1-3
amorphous particles of up to 2 µm in length were observed in
most infected, but not uninfected M1 macrophages. We
interpret these to be aberrant particles are Chlamydia in the
persistence state, thus supporting gene expression profiles
seen as mentioned above.

Discussion

An IFNγ-dependant functional innate immune response is
absolutely critical in halting exponential growth of Chlamydia
[7]. As macrophages make up a significant portion of healthy
tissue, it is of importance to study the acute host–pathogen
interactions between Chlamydia and these cells, as such an
interaction could have a profound impact in the failure or
success of a subsequent immune response to Chlamydia.
Such a host–pathogen interaction has not yet been studied in
the context of macrophage polarization.

Recently, it has been shown that selected intracellular
pathogens are able to induce an M2 phenotype in
macrophages [19], a mechanism hypothesized to contribute to
survival of such microbes. As Chlamydia has been shown to
survive in mononuclear phagocytes [8], we initially

hypothesized such an M2 induction would be operational. On
the contrary, Chlamydia caused no up-regulation in M2 genes,
and surprisingly, no significant alteration in the expression of
M1 genes. It appears that Chlamydia can infect non-stimulated
macrophages without inducing a global anti-bacterial response.
This is a novel observation. It is possible that pathogen-
associated molecular patterns derived from Chlamydia remain
hidden within the inclusion and that macrophages only become
activated to an M1 state upon recognition of extracellular
Chlamydia. It is also possible that macrophage activation is
induced by the infection of permissive bystander cells. Further
experiments need to be performed to test these hypotheses.

In situ, tissue macrophages are unlikely to be in the naïve,
unstimulated state, rather they are likely to fall somewhere in
the continuum of polarization [15]. Thus examining the ability of
Chlamydia to infect and survive in macrophages pre-polarized
to the extremes of the polarization spectrum presents as a
more physiological approach to study Chlamydia –
macrophage interactions in vitro. Although not in the context of
macrophage polarization, previous studies have examined the
ability of monocytic cell lines to control Chlamydia when
activated with IFNγ and/or LPS. IFNγ/LPS stimulated murine
RAW264.7 cells were shown to limit C. trachomatis serovar D
in a nitrite-dependant manner [28] and IFNγ stimulation of
human monomac 6 cells have been demonstrated to control
the growth of C. pneumoniae [29]. These results must be
interpreted with caution since cell lines are often quite different
from their primary cell counterparts. Further, although the
murine and human IFNγ response has the same global effect
of halting Chlamydia infection, it is achieved through different
molecular mechanisms; Chlamydia has evolved to evade its
specific host’s IFNγ response and indeed cross infection of

Figure 4.  RT-PCR of Chlamydia 16sRNA demonstrates that 16sRNA remains stable in M1 macrophages, but increases in
M0 and M2.  Polarized BMDM infected with Chlamydia were harvested at times indicated. (A) Pfaffl calculated fold change in
16sRNA in polarized macrophages (M1/M2) versus M0 demonstrates significantly lower Chlamydia load in M1 macrophages at all
timepoints. Treatments and timepoints analyzed separately by one-sample t-test versus hypothetical mean of 1.0 (B) Difference in
∆Ct between HPRT and 16sRNA for all samples demonstrates that decreased fold change in 16sRNA in M1 macrophages is due to
increased 16sRNA expression in M0 macrophages rather than a decrease in M1. Data analyzed by repeated measures two-way
ANOVA and Bonferroni’s post test. All data is mean ±SEM of three separate experiments.
doi: 10.1371/journal.pone.0069421.g004
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Chlamydia to another host species results in an ineffective
infection [30].

Here we use a murine pathogen in murine primary cells to
overcome the aforementioned obstacles. As demonstrated by
immunostaining, we saw equal uptake of Chlamydia between
all classes of macrophages. Although the number of cells with
inclusions diminished in all polarized macrophage states,
enlarged mature inclusions were never seen in the M1
macrophage, but were seen in a limited number of M0 and M2
macrophages. This indicates that all macrophages can become
infected and all have an inherent ability to control Chlamydia,
yet through a stochastic process some macrophages remain
infected. Further to this, the increase in IFU over time in M1
macrophages, indicates Chlamydia can grow productively in

these cells, yet this growth is atypical in that large inclusions
were not observed. The trend of increasing IFU from 24 to 48
hr p.i. in all macrophage phenotypes suggests a slow but
continuous growth of Chlamydia inside macrophages as
oppose to the rapid and abrupt growth in epithelial and
fibroblast cells.

Intriguingly, we also demonstrated that the M2 macrophage
is more susceptible to Chlamydia infection than their non-
polarized counterparts. This has not been reported previously,
and could be explained by increased expression of the
mannose receptor on M2 macrophages [31], which has been
shown to facilitate the uptake of certain species and serovars
of Chlamydia [32]. This observation could also be due to the
reported plasticity of macrophage polarization [33]; it may take

Figure 5.  Control of Chlamydia by M1 macrophages involves the induction of persistence as demonstrated by RT-
PCR.  Polarized macrophages were infected for the indicated timepoints. Chlamydia gene expression is not altered by growth in M2
macrophages versus growth in M0 macrophages. In M1 macrophages, a gene expression profile characteristic of persistence was
seen from 6 hr p.i. infection to 24 hr p.i. whereby Euo was up-regulated and Omp1 and Tal were down-regulated. Data is mean
±SEM of three independent experiments and was analyzed using one-sample t-test against hypothetical mean of 1.0.
doi: 10.1371/journal.pone.0069421.g005
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longer for M2 polarized macrophages to activate antimicrobial
mechanisms than unstimulated M0 macrophages.

We demonstrate that the M1 macrophage is able to cap
Chlamydia growth. Our 16sRNA results served to reinforce
observations of Chlamydia growth seen with direct staining and
with IFU assessment. At 6 hr post-infection 16sRNA were
similar in all macrophage phenotypes with significance
depending on method of analysis, supporting direct staining
observations of equal uptake. As early as 12 hr, there were
trends of growth in M0 and M2 macrophages as demonstrated
by increased ∆Ct 16sRNA, while 16sRNA in M1 macrophages
did not change.

With IFU and 16sRNA suggesting persistence in the M1
macrophage we sought to confirm this with Chlamydia gene
expression. Here we report the up-regulation of Euo, a putative
repressor of EB genes [34], to be up-regulated during

persistence in C. muridarum. We also report Tal and Omp1,
which code for metabolism and outer membrane proteins
respectively, to be down-regulated. These three genes are
similarly differentially regulated during persistence of other
species of Chlamydia [21,35]. Our genetic characterization
focused on three genes in particular, but it is not surprising that
the other genes examined, as reported in the methods section,
did not show significant alterations in expression. Candidate
genes, some of which were putative genes in the published C.
muridarum genome, were based on genes differentially
expressed upon other inducers of persistence, in other species
of Chlamydia. It is established that the gene expression profile
of persistence changes depending on these variables [5].

Our EM studies confirm viable growth in M0 and M2
macrophages, and lend support to the concept of persistence
in M1 macrophages. This EM analysis is confounded by

Figure 6.  Electron microscopy of infected polarized macrophages demonstrates productive growth in M0 and M2
macrophages but induction of Chlamydia persistence in M1 macrophages.  Polarized BMDM infected for 24 hr prior to
processing for electron microscopy. Mature Chlamydia inclusions were seen in M0 and M2 macrophages (top panels). Bottom left
panel shows representative uninfected M1 macrophage. Mature inclusions were not seen in infected M1 macrophages. Small
inclusions with enlarged amorphous particles, consistent with Chlamydia in the persistent state, were seen frequently in infected M1
macrophages (arrows, bottom panels).
doi: 10.1371/journal.pone.0069421.g006
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inclusions within monocytic cells typically being small and
disperse as reported [26], and by the highly convoluted plasma
membranes and large numbers of inclusion-like phagosomes
and electron dense, EB-like lysosomes in macrophages. It is
difficult to state unequivocally that the large amorphous
particles seen within inclusions in M1 macrophages are
persistent Chlamydia, however the morphology is definitely
close that to C. trachomatis and C. pneumoniae persistent
particles [36].

To the best of our knowledge this is the first conclusive
evidence, and the first genetic profiling, of the phenomenon of
persistence in C. muridarum. Previously, Rey-Ladino et al. [37]
had reported C. muridarum persistence in murine dendritic
cells, however these observations were circumstantial with
Chlamydia being observed through direct staining coupled with
minimal re-culture. Our findings lay the groundwork for a more
comprehensive analysis of host–pathogen interactions
employing C. muridarum infection in mice as a model for
human disease.

In conclusion, this study sheds light on the central role of
macrophage polarization in the control of Chlamydia infection.
The role IFNγ plays in the control of Chlamydia is supported by
our study, yet we demonstrate how IFNγ is a double-edged
sword by contributing to the induction of persistence. The
ability of Chlamydia to survive in what would appear the most
inhospitable of the innate immune cells is likely sculpted by
thousands of years of host–pathogen interaction crafting an
effective parasite. Perhaps the optimum response to
Chlamydia infection the host can achieve is control by the
induction of persistence. Indeed, Chlamydia may lay latent in
an individual for decades before re-activation [38]. Further work
needs to be done to examine whether the effects seen in this
study hold true for human Chlamydia infecting polarized human
macrophages. Finally, the differential infection of M1 and M2
macrophages may have profound impacts on the outcome to
Chlamydia infections due to the genetic background of the
host: C57Bl/6 mice, which are less susceptible to Chlamydia,
are known to have a Th1 immune predominance in comparison
with BALBc mice [39]. This could shed light on why patients
with Chlamydia sequelae have a predominantly Th2 response
to the organism [40,41].

Materials and Methods

Ethics statement
All experiments were approved by the Animal Resource

Centre of the University Health Network (UHN), Toronto
(Animal Use Protocol #1072). UHN maintains an animal care
and use program certified by the Canadian Council on Animal
Care (CCAC) and all procedures are conducted in accordance
with guidelines in the Province of Ontario’s Animals for
Research Act.

Chlamydia muridarum
All cells were incubated at 37° C, 5% CO2. McCoy B

fibroblasts (ATCC) were passaged in αMEM (Invitrogen)
supplemented with 10% FCS (Invitrogen), 10 µg/ml gentamicin
(Sigma) and 25 µg/ml vancomycin (Sigma). C. muridarum

(ATCC) was cultured in McCoy B cells in this media further
supplemented with 1 µg/ml cycloheximide (Sigma) and 8.8% d-
glucose (Sigma) as previously reported [42]. Chlamydia EB
were isolated by density ultracentrifugation using a 50%-20%
Gastrografin gradient (Roche) and were stored in sucrose
phosphate-glutamic acid buffer (8.5 mM Na2HPO4, 4 mM
NaH2PO4, 220 mM sucrose, 0.5 mM l-glutamic acid, pH 7.4
[Sigma]) at -80° C prior to use. IFU of purified EB was
determined through an enumeration assay as described below.

Animals and Bone Marrow Isolation
L-cells (a gift from Dr. F. Tsui, originally from ATCC) were

plated at 5 x105 cells/75 cm2 flask (Corning) in 25 ml RPMI
1640 (Invitrogen) with 10 µg/ml gentamicin, 25 µg/ml
vancomycin, 50 µM mercaptoethanol and cultured for one
week after which L-cell-conditioned media was harvested,
filtered and frozen at -20° C. Bone marrow was harvested from
femurs and tibias of 8-12 week old male BALB/c mice. Mice
were obtained from Jackson Laboratories and housed in a 12
hr light/dark cycle under SPF conditions as mandated by the
Canadian Council on Animal Care.

Bone marrow was differentiated into macrophages using
supplemented RPMI and 20% L-cell conditioned media as
previously described [43]. Macrophage purity was routinely
>95% as assessed by flow cytometry for CD11b and F480
(data not shown).

Bone marrow derived macrophage (BMDM)
polarization, infection and repolarization

BMDM were plated in 24-well plates (Corning) in bone
marrow media without L-cell conditioned media, at a density of
5 x105 cells/well unless indicated. These cells were incubated
for 10-12 hr prior to infection without treatment for non-
polarized (M0) or BMDM were polarized to either M1
macrophages with 20 ng/ml IFNγ (RnD Systems) and 100
ng/ml LPS (Sigma) or to M2 macrophages with 20 ng/ml IL-4
(RnD Systems) as reported [44]. Polarization of macrophages
in our hands matched that reported in the literature [15,45] as
assessed by supernatant nitrite, arginase activity, cytokine
release (Figure S1 in Supporting Information S1) and gene
expression (Figure 1A). We unexpectedly found IL-10 to be
upregulated in M1 macrophages but not M2 macrophages,
however this has been reported in the literature [46]. For
infection with Chlamydia, media was removed and 1 multiplicity
of infection (MOI) was added. The plates were spun at 600 g
for 20 min at 37° C to synchronize infection. The supernatant
was replaced to remove free Chlamydia. As macrophage
polarization is believed to be a plastic process, cytokines were
replaced after infection and left in media for the duration of
experiments. LPS was not replaced as prolonged exposure
(>16 hr) can induce M2 polarization of macrophages due to
endotoxin tolerance [47].

Enumeration assay
For enumeration of intracellular and extracellular viable

infectious Chlamydia, infected wells were first scraped to lyse
BMDM. Cell lysate in media was harvested and frozen at -80°
C. McCoy B cells were plated at 2.5 x105 cells/well in 24-well
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plates overnight to generate confluent monolayers. Lysate was
thawed at 37° C and sonicated for 15 sec. The lysate was spun
at 600 g for 5 min to remove cellular debris, prior to sterile
ultracentrifugation at 19,500 g (L80-70m, Beckman Coulter) for
30 min at 4C to separate Chlamydia from conditioned media.
The Chlamydia pellet was serially diluted and McCoy B cells
were infected by centrifugation as above. Media was not
removed and McCoy B cells were incubated for 24 hr prior to
counting of infected cells.

Immunofluorescent microscopy
For direct staining of Chlamydia in BMDM or McCoy B cells,

FITC-conjugated, anti-LPS antibody was used as per the
manufacturer’s recommendations (Biorad). Stained samples
were viewed with Nikon ECLipse TE2000U. ImageJ (NIH) was
used to merge phase contrast and fluorescent images. For
enumeration assays, the number of inclusions per well were
counted whereby one infected cell was considered to be one
inclusion forming unit (IFU).

RT-PCR
RNA was extracted from cells using TRIzol (Invitrogen) and

was reverse transcribed using random primers and superscript
II (Invitrogen). RT-PCR was performed with an ABI 7900HT
(Applied Biosystems) system using power SYBR green
(Applied Biosystems). RT-PCR data was analyzed with SDS
2.4.2 (Applied Biosystems). Primers for RT-PCR were
designed with Primer Express (Applied Biosystems), tested for
intra- and inter-species cross-reactivity using primerBLAST
(NCBI) and ordered from ACGT corp (Figure S2 in Supporting
Information S1). Primer efficiencies were assessed through
construction of serial dilution standard curves and were
between 90 and 105%. Multiple housekeeper genes were
initially assessed, and HPRT was selected as it proved to be
unaffected by polarization or Chlamydia infection (data not
shown). 16sRNA is a commonly used housekeeper for
Chlamydia [21] and does not appear to be differentially
expressed during stress [48]. Pfaffl equation was used to
calculate fold-change gene of interest in comparing treatments
to controls [49].

Electron microscopy
For electron microscopy, BMDM were plated at 2 x106 cells/

well in 6 well plates (Corning) and were subsequently polarized
and infected as above. For harvesting, macrophages were
washed once with PBS (Invitrogen) and treated for 10 min with
accutase (Sigma). Cells were flushed prior to fixation to
dislodge from plate and processed as previously described
[50]. A Hitachi H7000 electron microscope with XR-60 camera
(AMT Co.) was used to examine specimens.

Statistics
GraphPad Prism 5 (TreeStar) was used for the generation of

all graphs and statistical analysis. All data was expressed as
mean with standard error of mean (SEM) of at least three
independent experiments. To calculate statistical significance
of fold changes, a one-sample t-test was used versus a
hypothetical mean of 1.0, with this value representing no
change in treatment relative to control. For time course
analyses, repeated measures two-way ANOVA was used with
Bonferroni’s post test. For all graphs: * p = 0.01–0.05, ** p =
0.001–0.01, *** p < 0.001.
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