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Abstract
Chlamydia pneumoniae is a common respiratory pathogen that is considered a highly likely risk
factor for atherosclerosis. C. pneumoniae is disseminated from the lung into systemic circulation
via infected monocytes and lodges at the atherosclerotic sites. During transit, C. pneumoniae-
infected monocytes in circulation are subjected to shear stress due to blood flow. The effect of
mechanical stimuli on infected monocytes is largely understudied in the context of C. pneumoniae
infection and inflammation. We hypothesized that fluid shear stress alters the inflammatory
response of C. pneumoniae-infected monocytes and contributes to immune cell recruitment to the
site of tissue damage. Using an in vitro model of blood flow, we determined that a physiological
shear stress of 7.5 dyn/cm2 for 1 h on C. pneumoniae-infected monocytes enhances the production
of several chemokines, which in turn is correlated with the recruitment of significantly large
number of monocytes. Taken together, these results suggest synergistic interaction between
mechanical and chemical factors in C. pneumoniae infection and associated inflammation.
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Introduction
Chlamydia pneumoniae is a respiratory pathogen implicated in chronic inflammatory
diseases like atherosclerosis, arthritis, and Alzheimer's disease.3,7,10 Of interest, there is
compelling evidence from numerous studies including seroepidemiological,21,45

histopathological,15 animal models of disease development and treatment,4,41 short-term,
and limited clinical intervention trials,9 and in vitro cell culture50 that suggest a major role
of C. pneumoniae infection in atherosclerosis.1,7 In vivo studies have shown that C.
pneumoniae infects neutrophils, alveolar macrophages, and is disseminated from the lungs
to the vasculature through peripheral blood mononuclear cells to atherosclerotic foci.19,34,40

Since C. pneumoniae is ubiquitous, and chronic and reinfections of the lung are common,
the infection often draws a chronic inflammatory response and immune cells to the site of
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infection, which perhaps in the process of clearing the infection, may lead to bystander
tissue damage and disease sequelae.11,13,25

C. pneumoniae is an obligate intracellular bacterium and hence needs a host cell to survive
and propagate. Following an initial infection, the infectious elementary bodies (EB) enter
the host cell wherein they differentiate into non-infectious, replicating reticulate bodies
(RB). The RB subsequently differentiates back to EB, and when the host cells die, the
mature EBs are released and infect other susceptible host cells.28 C. pneumoniae infection
cycle in monocytes/macrophages may last from 3–7 days during which the cells secrete a
plethora of inflammatory cytokines, matrix metalloproteases, procoagulants, and upregulate
adhesion and LDL-up-take receptor expression levels.31,36,48 C. pneumoniae is believed to
be transmitted from the lung to other tissues including arterial wall and the brain by infected
monocytes through circulation.19,30 While most of these in vitro studies focus on monocytes
in static culture, in reality, during transit from the lungs by blood flow, the monocytes
experience biophysical forces such as shear stress. Though it is established that
hemodynamic forces indeed tightly regulate responses of cells in the vasculature including
endothelial cells,51 platelets,27 and neutrophils,33,44 the effects of mechanical forces on
infection and inflammation is grossly under-addressed. We have recently shown that shear
stress exacerbates the release of cytokine IL-1 β in monocytes infected with the mouse
respiratory pathogen, C. muridarum, and also increases endothelial adhesion.16

In this work, we evaluated the role of Chlamydia pneumoniae infection and shear stress on
chemokine release from monocytes. Our results show that C. pneumoniae infection triggers
the release of chemokines and monocyte migration, which are enhanced by shear stress,
suggesting that infection and shear stress together may play a critical role in vascular
inflammation and atherosclerosis.

Materials and Methods
Cells

Human monocyte cell line, THP-1 cells (ATCC, Manassas, VA) were cultured in RPMI
1640 (ATCC) supplemented with 10% FBS and .05 mM mercaptoethanol (Sigma-Aldrich,
St. Louis, MO), at 37 °C and 5% CO2. The cells were passaged into fresh media when the
cells reached a density of 106/mL. The cell viability was measured by trypan blue exclusion
assay (Countess automated cell counter, Life Technologies, Grand Island, NY).

C. pneumoniae Propagation
Chlamydia pneumoniae TW183 (U Washington, Seattle, WA) in SPG buffer was added to a
confluent monolayer of Hep2 cells (ATCC) in EMEM (ATCC) supplemented with 10%
FBS (Life Technologies), 1 μg/mL gentamicin (Life Technologies) and 0.6 μg/mL
cycloheximide (Sigma-Aldrich, St. Louis, MO). Genatmicin and cycloheximide were added
to inactivate any extracellular C. pneumoniae, and to prevent Hep2 cell proliferation during
the infection period, respectively. 72 h post infection, the Hep2 cells were harvested and
lysed by vortexing using glass beads for 3 min. The elementary bodies (EB) were spun
down at 30,000g using a high speed centrifuge, and aliquoted in sucrose-phosphate-
glutamine buffer and stored at −80 °C. C. pneumoniae specific murine monoclonal antibody
TT401 (U Washington, Seattle, WA) along with a FITC-conjugated secondary antibody
(Abcam, Cambridge, MA) was used to establish the bacterial counts in stocks using
fluorescence microscope (Leica DMI6000, Buffalo Grove, IL), following the published
protocols for C. pneumoniae propagation.8
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C. pneumoniae Infection of THP1 Cells
THP-1 monocytic cells were infected with C. pneumoniae EB at multiplicity of infection
(MOI) of 2 by intermittent rocking at 35°C for 2.5 h. The inoculum was removed, the cells
were resuspended at 1 × 106 cells/mL in RPMI-1640 supplemented with 10% FBS and 1 μg/
mL gentamicin, and incubated for additional 72 h. To quantify infectivity, the adherent cells
at 6, 18, 36 and 72 h post infection were fixed in freshly prepared 2% paraformaldehyde,
permeabilized with 1× Permwash (BD Biosciences, San Jose, CA), and labeled with C.
pneumoniae-specific murine primary antibody TT401 and FITC-conjugated anti-mouse
secondary antibody and/or Alexa-Fluor 660 phalloidin antibody (Life Technologies). The
nuclei were counter-stained with DAPI. 100 μL of 1 × 106 uninfected cells/mL were
cytospun (CytoSpin 4, Thermo Scientific, Asheville, NC) at 1000 rpm for 5 min, and stained
as described above. The cells were analyzed using a fluorescence microscope (Leica). The
infectivity was also assayed using flow cytometry (LSR II, BD Biosciences, San Jose, CA).
To quantify viability, the flask was incubated on ice for 5 min, the cells were isolated by
gentle scraping, and counted after trypan blue staining using an automated cell counter
(Countess, Life Technologies, Grand Island, NY).

Chemokine Assays
THP-1 monocytes were infected with mock PBS or Chlamydia pneumoniae EB (MOI 2) for
2.5 h and cultured for 72 h as described above. At 2, 6, 18, 36 and 72 h post infection, the
cells were incubated on ice for 5 min, gently scraped, separated by centrifugation (5 min,
160g), and the supernatants were supplemented with recommended 1 × concentration of
Halt protease inhibitor cocktail (Thermo Scientific, Rockford, IL) and stored at −80 °C for
the analysis of chemokines IL-8, RANTES, MIP-1α, MIP-1β, MCP-1, and IP-10 using Bio-
plex protein array system (Bio-Rad Laboratories, Hercules, CA). Briefly, 60 μL of
supernatants were mixed with antibody-coupled, color-coded bead cocktail, and analyzed by
luminex-based technology according to manufacturer's instructions. The chemokine
concentrations in the suspension are automatically calculated using the standard curves
derived from recombinant chemokine standards.

Exposure to Shear Stress
THP-1 monocytes were either infected with mock PBS (Mock) or C. pneumoniae EB
(Infected) at MOI 2 for 36 h. 36 h post infection the cells were incubated on ice for 5 min,
gently scraped, and separated from the supernatant by centrifugation. The cells were
resuspended in fresh media containing 2 μg/mL gentamicin at a concentration of 6 × 106

cells/mL and incubated for 1 h for equilibration. 500 μL of this cell suspension was sheared
for 1 h at either 0 (static) or 7.5 dyn/cm2 (shear), using a cone-and-plate viscometer (DVII +
Pro, Brookfield Instruments, Middleboro, MA) with the sample cup maintained at 37 °C
using a circulating water bath (TC-650, Brookfield Instruments). Gentamicin was added to
prevent potential contamination during shear exposure. The static controls were maintained
at conditions similar to shear treatment except for the rotation of the cone. Under these
experimental conditions, the evaporation (<10%) and pH change (<0.3 units) were minimal
and similar for both static and shear conditions. Immediately post shear, the cells were spun
down by centrifugation (5 min, 160g), and the supernatant was collected. The supernatant
was filter-sterilized (0.22 μm filter), supplemented with recommended 1× concentration of
Halt protease inhibitor cocktail, and stored at −80°C for further use. The protease inhibitor
was added to prevent the degradation of chemokines during storage. The cells collected post
shear were tested for viability by trypan blue exclusion assay and further incubated to 72 h
post infection to analyze infectivity as described above.
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Endothelial Adhesion Under Flow
Primary human aortic endothelial cells (HAECs) extracted from the aorta of cadaver of
individual with no known cardiovascular abnormalities was obtained, and used within five
passages following manufacturer's protocol (Life Technologies, Grand Island, NY). The
cells cultured to confluence in ibiTreat Vl0.1. slides (Ibidi GmbH, Munich, Germany) were
treated for 4 h with supernatants from uninfected or infected monocytes obtained from
experiments described above. The flow chamber was assembled on top of an inverted
microscope attached to a time-lapse digital camera (FX-360, Leica Microsystems). A
monocyte suspension consisting 106 cells/mL was then drawn through the perfusion
chamber using a syringe pump (Harvard Apparatus, Holliston, MA, USA) at a constant flow
rate corresponding to a wall shear stress of 1 dyn/cm2. After 1 min of perfusion, the
adhesion of monocytes to HAECs was captured by bright-field microscopy at 20×
magnification for 4 min in 5 different fields of view (0.1 × 0.1 mm2). The images were
analyzed offline using Image J (NIH).

Chemotaxis Assays
200 μL of supernatant was collected after the exposure of THP-1 cells to shear stress and
diluted to 600 μL with fresh media. The diluted supernatants were added to the lower well of
the Boyden chamber (BD Biosciences, San Jose, CA). 100 μL of uninfected THP-1 cells at a
density of 5 × 106 cells per mL was added to the top well containing a 5 μm pore-filter. The
setup was incubated for 2 h at 37 °C, and number of cells transmigrated through the filter to
the lower well were counted from 10 μL of cell suspension drawn from the lower well using
an automated cell counter (Countess, Life Technologies).

Statistics
All the experiments were performed in triplicate and each experiment was repeated at least
two times under independent conditions. The results are represented as mean ± SD from one
representative experiment in the plots. Statistical differences between treatments were
evaluated either using two-tailed Student's t test, or two-way ANOVA (GraphPad Prism, La
Jolla, CA), and the results were considered significant if p < 0.05.

Results
C. pneumoniae Infection of Monocytes

C. pneumoniae is an obligate intracellular bacterium with tropism to various cell types
including epithelial cells, monocytes or macrophages, endothelial cells, and smooth muscle
cells.17 In this work, we used the well-established THP1 cell line as a model for primary
human monocytes.38 C. pneumoniae infects THP1 monocytes and forms inclusions, which
grow over a period of 72 h (Fig. 1). In general, we observed some variation in the number
and size of chlamydial inclusions in the monocytes with some inclusions large enough to
occupy half the cell volume by pushing the nucleus to one side, and with others that are
much smaller represented as dots distributed through the cell (Fig. 1a). Such multiple
inclusions are commonly observed in C. pneumoniae infection of various cell types.14 The
infectivity at the end of 72 h was 80–90% as measured by counting the number of cells with
inclusions, and also confirmed by flow cytometry (Fig. 1b). The infected cells attached to
the surface, and the viability of these cells remained ∼90% through most of the infection
cycle. We also observed that the infection is associated with substantial redistribution of
actin cytoskeleton as the monocytes adhere to the tissue culture flask. The infected
monocytes take on a ‘fried-egg’ appearance characteristic of macrophage-like phenotype, an
observation that is consistent with previous reports.50
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Kinetics of Chemokine Secretion from Infected Monocytes
Next, we followed the release of chemokines macrophage inflammatory proteins (MIP-1α,
MIP-1β), monocyte chemoattractant protein (MCP-1), interleukin (IL-8), RANTES, and
Interferon-γ induced protein of 10 kDa (IP-10) over the life cycle of infection, i.e., 72 h. We
observed that following an initial delay of 6 h, most of the chemokine levels increase, and
after 18 h of infection, MIP-1α, MIP-1β, MCP-1, and IL-8 reach their peak levels whereas
RANTES and IP-10 reach their peak levels by 36 h post infection (Fig. 2). All chemokines
except MIP-1α remained at high levels till 72 h. In contrast, uninfected cells did not produce
any detectable levels of chemokines.

Effect of Shear Stress on Chemokine Secretion
Having established that chlamydial infection triggers the release of chemokines, we sought
to examine the effect of shear stress on this process since the infected monocytes experience
shear stress while in circulation. To this end, after 36 h of infection, the supernatant was
discarded, and adherent and non-adherent monocytes were resuspended in fresh media for 1
h. The cells were then subjected to a physiological shear stress of 7.5 dyn/cm2 for 1 h, and
chemokine secretion was measured. We chose 36 h as representative time point since it is
the mid-point in the infection cycle, and all chemokines are expressed at this stage. 7.5 dyn/
cm2 was used as representative bulk shear stress experienced by cells in circulation since the
shear stress varies between 1 and 5 dyn/cm2 in veins and 5–20 dyn/cm2 in arteries.
Uninfected monocytes subjected to shear, and infected monocytes under static conditions
were used as controls. We observed that shear stress does not alter the infectivity or viability
of the cells as evidenced by intact inclusion and maintenance of cell membrane integrity
(Fig. 3). There was a modest decrease in viability due to chlamydial infection compared to
uninfected cells. The chemokine release profiles are shown in Fig. 4. We observe that the
uninfected cells, under static or shear conditions, do not release any chemokines indicating
that shear stress alone does not trigger chemokine release. We also observe that the infected
cells under static conditions release substantial quantities of fresh chemokines within a short
duration suggesting that the presence of chlamydial infection promotes sustained release of
chemokines even after 36 h post-infection. As the infected cells were sheared, all the
chemokines measured in this study, namely, IL-8, RANTES, MCP-1, MIP-1α, MIP-1β and
IP-10, were upregulated 2–4 fold in 1 h. We observed that the actual levels of chemokines
varied between experiments because of inherent variations in infectivity, the number of C.
pneumoniae inclusions per infected cell, size of the inclusions, and hence the degree of
inflammatory response.37 However, the upregulation due to shear stress compared to static
levels was consistent irrespective of the absolute amounts of chemokines released following
infection. This data suggests that shear stress enhances pro-inflammatory response only in
the presence of infection.

Effect of Chemokine Secretion on Monocyte Migration
Infected monocytes from circulation can migrate into the subendothelium, and the
chemokines released due to infection can attract fresh monocytes from circulation that form
foam cells and eventually result in atherosclerotic plaque.26 As a simplified model of this
process, we used supernatants collected from infected monocytes and evaluated its effects
on monocyte recruitment to endothelium and infiltration. We observed that supernatant from
infected, but not uninfected monocytes, can activate endothelium to support monocyte
adhesion (Fig. 5a), which can then migrate to the subendothelium. We studied the effect of
chemokine release on monocyte migration by incubating fresh, uninfected THP-1
monocytes in the upper well of Boyden chamber, and supernatants collected from infected
or uninfected monocyte under static or shear conditions to the lower well, and quantify the
monocytes migrated to the lower chamber after 2 h of incubation. As shown in Fig. 5b, the
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supernatant from uninfected cells did not result in any chemotaxis, consistent with the
absence of chemokines (Fig. 4). On the other hand, supernatant from infected monocytes
under static conditions profoundly increases the number of monocytes migrated. This
increase is further enhanced by nearly 3-fold in supernatants from infected monocytes
exposed to shear stress. This increase correlates well with the 2–4 fold increase in the
chemokine levels due to shear stress.

Discussion
Atherosclerosis is a multi-factorial chronic inflammatory disease. An emerging paradigm
based on multiple epidemiological studies is that infectious agents including bacteria/viruses
may contribute to the pathogenesis either via direct infection of vascular cells or indirect
effects due to cytokines or acute phase proteins.22 In particular, C. pneumoniae gained
attention after its isolation from atherosclerotic plaques,20,29 and since then numerous
studies have confirmed that C. pneumoniae infection as a highly likely risk factor for
atherosclerosis.22,42 However, the role of C. pneumoniae infection at various stages of
atherosclerotic disease progression is not well-understood. We report here for the first time
that C. pneumoniae infection and shear stress synergistically exacerbates atherosclerotic
process by altering the inflammatory microenvironment.

C. pneumoniae forms multiple inclusions within monocytes and remained viable without
initiating host cell lysis for at least up to 72 h. During this long infection cycle, C.
pneumoniae induces the production of several pro-inflammatory cytokines including TNFα,
and IL1β.23 It has also previously been shown that C. pneumoniae infection of monocytes
results in the upregulation of chemokines MCP-1 and MIP1α,36 and their genes and the
chemokine receptor CCR2.48 We show here that, in addition to these chemokines, others
including IL-8, MIP1β, RANTES and IP-10 are secreted from infected monocytes over the
long infection cycle. The infected monocytes experience shear stress due to blood flow as
they travel through circulation from the lungs to the atherosclerotic foci. It is now well-
established that shear stress alters cellular and molecular inflammatory responses in vascular
cells.49 In this work, we have demonstrated that shear stress increases the release of several
chemokines from C. pneumoniae-infected monocytes. Since chemokine upregulation was
concomitant with shear exposure, it is likely that this shear-induced enhancement is
mediated at the translational level or released from existing stores. Together with our
previous study,16 this work underscores the importance of the interaction between
biochemical and biomechanical stimuli in determining the inflammatory response.

The infected monocytes/macrophages from circulation transmigrate into the arterial wall and
lodge in the subendothelium, where they continue to release cytokines and chemokines.26,43

The cytokines from infected monocytes can activate the endothelium to recruit leukocytes
from the blood.16 The chemokine gradient triggers leukocyte migration into the plaque site,
which is a critical step in inflammation. The increase in chemokine gradient due to infection
and shear exposure correlates well with the increase in monocyte migration across the
barrier. It has been shown that most of the chemokines analyzed in this work are present at
higher levels in atherosclerotic lesions.6,39 High expression levels MCP-1 are found within
atherosclerotic lesions,35 and knock down of MCP-112 has shown a significant reduction in
the atherosclerotic plaque size due to decrease in leukocyte trafficking which forms a major
part of the lesion. Higher serological level of MCP-1 is also correlated in patients at risk for
coronary artery disease.32 RANTES, MIP-1P and MIP-1β are also found in the
atherosclerotic lesions, and blocking RANTES inhibit lesion formation and leukocyte
infiltration in the lesions.46,47 IP-10 levels are also high in the lesions and it participates in
atherosclerosis by modulating the local balance of regulator and effector T-cell
populations.24 IL-8 is produced by macrophages and is believed to be central in macrophage
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accumulation in advanced lesions.5 Further, these proteins are not only involved in
inflammatory response during atherosclerosis but also in other important processes that
contribute to disease progression including smooth muscle cell migration, MMP release,
LDL uptake.2,18

In summary, our results show that C. pneumoniae infection triggers an inflammatory
response in monocytes that is exacerbated by shear stress due to blood flow resulting in
leukocyte migration to the plaque site, which is a principal component in atheroprogression.
Our model provides avenues to explore the connection between infection, inflammation, and
biomechanical forces relevant in vivo. Taken together, we show mechanical forces may play
an important role in hastening disease progression by modulating vascular inflammatory
response during systemic infections, and in a larger context, our results warrant the
consideration of biomechanical factors as potent regulators of cellular and molecular
responses in disease pathophysiology.
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Figure 1.
Chlamydia pneumoniae infection. (a) THP1 monocytes were infected with Chlamydia
pneumoniae (TW183) at an MOI 2 and were incubated for 72 h. The adherent cells were
fixed at different time points, and stained with anti-Chlamydia pneumoniae antibody, Alexa
Fluor 660 phalloidin and DAPI. Chlamydial inclusions (green), THP1 actin (red) and
nucleus (blue) are shown. The uninfected cells were cytospun and stained. Scale bar = 15
μM. (b) Flow cytometric analysis of monocyte infectivity.
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Figure 2.
Kinetics of chemokine production by C. pneumoniae-infected cells. THP1 monocytes (1 ×
106 cells/mL) were infected with mock (only media) or Chlamydia pneumoniae (TW183) at
an MOI 2. The supernatants were collected at 2, 6, 18, 36, and 72 h and analyzed. The
results are expressed as mean ± SD of one representative experiment performed in triplicate,
and the experiments were performed twice.
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Figure 3.
Effect of shear stress on infectivity and viability of monocytes. THP1 monocytes were
infected with mock (only media) or Chlamydia pneumoniae at MOI 2 for 36 h. The cells
were resuspended in fresh media, and sheared at 0 (static) or 7.5 dyn/cm2 (shear) for 1 h. (a)
The cells were incubated for an additional 32 h to finish 72 h of infection cycle and then
fixed and stained with anti-Chlamydia pneumoniae antibody and DAPI. Chlamydial
inclusions (green) and THP1 nucleus (blue) are shown. Scale bar = 20 μM. (b) The viability
was assessed by trypan blue exclusion. The results are mean ± SD of one representative
experiment performed in triplicate, and the experiments were repeated three times.
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Figure 4.
Effect of shear stress on chemokine secretion from infected monocytes. Uninfected or
infected THP1 cells were incubated under static conditions or subjected to shear stress as
described in Fig. 3. The supernatants were collected immediately, and analyzed for
chemokines. The results are mean ± SD of one representative experiment performed in
triplicate, and the experiments were repeated three times. The * and § represent statistically
significant change (p<0.05, ANOVA) in chemokine production by due to infection only
under static conditions, or due to shear stress only in infected cells compared to respective
controls.
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Figure 5.
(a) Effect chlamydial infection on monocyte recruitment to endothelium. 106 monocytes/mL
was perfused over confluent HAECs activated with uninfected or infected monocyte
supernatant at a wall shear stress of 1 dyn/cm2. After 1 min of perfusion, the interactions
were captured by bright-field microscopy at 20× magnification for 4 min in 5 different fields
of view (0.1 × 0.1 mm2). The results are expressed as mean ± SD of one representative
experiment performed in triplicate, and the experiments were performed two times. The *
represent statistically significant change (p<0.05, Student's t test) in monocyte adhesion due
to infection compared to uninfected control. (b) Effect of infection and shear stress on
monocyte chemotaxis. Supernatants from experiments described in Fig. 3 were diluted 3-
fold, added to the lower portion of the Boyden chamber. Fresh, uninfected THP1 cells at a
density of 5 × 106 cells/mL were added to the top portion of the Boyden chamber with 5 μm
pore-filter. The setup was incubated for 2 h at 37 °C, and the number of cells transmigrated
through the pore to the bottom of the well were counted. The results are expressed as mean
± SD of the number of transmigrated cells per μL of suspension in the lower well from one
representative experiment performed in triplicate, and the experiments were performed three
times. The * and § represent statistically significant change (p<0.05, ANOVA) in monocyte
migration by due to infection only under static conditions, or due to shear stress only in
infected cells compared to respective controls.
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