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Abstract

Infectious agents are increasingly implicated in the development and progression of chronic
inflammatory diseases. Several lines of evidence suggest that the common intracellular respiratory
pathogen, Chlamydia pneumoniae contributes to the well-established risk factors of
atherosclerosis but the exact mechanism is not well understood. It is believed that C. pneumoniae-
infected monocytes travel from the lung to the atherosclerotic foci, during which the cells
experience mechanical stimuli due to blood flow. In this work, we characterized the effect of
physiological levels of shear stress on C. pneumoniae-infected human monocytes in an in vitro
flow model. We found that a shear stress of 5 dyn/cm? enhanced the expression of pro-
inflammatory cytokine IL-1p only in infected, but not in uninfected, monocytes. We also found
that this enhancement is due to the upregulation of IL-1f5 gene expression due to shear stress. Our
results demonstrate that mechanotransduction is an important, heretofore unaddressed,
determinant of inflammatory response to an infection.
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Chronic inflammatory response plays a critical role in the development and progression of
atherosclerosis, and there is mounting evidence that infection may be a latent, but major,
contributor to the pro-inflammatory processes that underlie the disease (Rosenfeld and
Campbell 2011; Tufano et al., 2012). Over the past two decades, convincing data suggest
that pathogens such as Cytomegal ovirus, Porphyromonas gingivalis, Chlamydia
pneumoniae, Toxoplasma gondii and Helicobacter cinaedi may act as a source of
inflammation that eventually lead, in concert with other risk factors, to the formation of
atherosclerotic plaque (Chen et al., 2003; Khan et al., 2012). Of particular interest, several
lines of evidence have implicated an important role of C. pneumoniae infection, and the
development and progression of atherosclerosis (Campbell and Kuo 2004). However, the
causative link and molecular mechanisms of this association are unclear.
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Chlamydia pneumoniae is a ubiquitous respiratory intracellular pathogen implicated in the
pathogenesis and development of atherosclerosis based on several epidemiological,
histopathological, animal studies, and limited clinical trials (Campbell and Kuo 2004; Roulis
et al., 2013). Upon C. pneumoniae infection, the infectious elementary bodies (EB) enter the
host cell and forms vesicles in the cytoplasm of host cell called inclusions (Krull et al.,
2005). Once inside the inclusions, the C. pneumoniae EB differentiates back into non-
infectious, replicating reticulate bodies (RB) and the RB subsequently differentiates back to
EB. The mature EBs are released to infect other susceptible host cells. In vivo studies
suggest that C. pneumoniae infects alveolar macrophages in lung which escape into
circulation (Maass et al., 1998), where the bacteria is disseminated and taken up by
peripheral blood monocytes (Kalayoglu et al., 2001). These circulating infected monocytes
might reach atherosclerotic foci crossing the endothelial barrier (Gieffers et al., 2004).
During this transit, the infected monocytes will experience mechanical stresses due to blood
flow. Since shear stress plays an important role in vascular homeostasis (Weinbaum et al.,
2011), and it may be expected that these forces will also alter the response of infected
monocytes. Our preliminary studies on C. pneumoniae infected THP1 monocytic cell lines
showed negligible effect of shear stress on cytokines including TNFa, IFN-v, IL-6, but had a
profound influence on IL-1p secretion (Fig. S1). Other cytokines including GM-CSF, G-
CSF, IL-10 and 1L-12 were below detectable limits (data not shown). Hence in this work,
we examined the effect of physiological levels of shear stress on release of IL-13 from
primary human monocytes infected with C. pneumoniae. IL-1f is an important cytokine
causative in a number of systemic inflammatory diseases including rheumatoid arthritis and
atherosclerosis, and is also an important contributor to atherogenesis (Sims and Smith 2010).
Activated monocytes/macrophages are considered to be a major source of IL-1 in vivo
(Moyer et al., 1991). IL-1p triggers the release of other cytokines and chemokines promoting
a chronically pro-inflammatory state, characteristic of atherosclerosis (Yin et al., 2013).
Hence, elucidating the role of biophysical forces may help understand the inflammatory
response to an infection in the vasculature, and disease progression.

C. pneumoniae has tropism for monocytes/macrophages in vivo (Kaukoranta-Tolvanen et
al., 1996; Boman et al., 1998). We monitored the kinetics of C. pneumoniae infection in
primary human monocytes in vitro. Our isolation protocol consistently produced a monocyte
fraction of high purity (~90%), as measured by CD14 expression by flow cytometry (data
not shown). Upon infection, C. pneumoniae forms inclusions in the cytoplasm of primary
human monocytes, which grows in size over a period of 72 h, and occupies almost the entire
cell volume (Fig. 1A). We observed at a multiplicity of infection (MOI) 1, the infectivity
was 80-90%, and the monocytes adhered and spread on tissue culture surfaces, which is
characteristic of a macrophage phenotype. The inclusions appeared much bigger and denser
compared to those in the THP1 monocytic cell line, described previously by Evani et al.
(2013a), reflecting more robust bacterial activity in primary monocytes than in THP1 cells.
We observed a steady increase in the production of pro-inflammatory IL-1B during the
initial course of infection, which saturates as the infection is established in the host (Fig.
1B).
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Having established that C. pneumoniae infection triggers a pro-inflammatory response with
high levels of IL-15, we sought to examine the effect of shear stress on IL-1f production by
Chlamydia- infected monocytes. Monocytes have been shown to be the vectors for the
transport of C. pneumoniae from the lungs to atheroprone sites. As the infected monocytes
escape into circulation, they experience hydrodynamic shear stress due to blood flow. To
simulate the biological events in vitro, we subjected human monocytes infected for 48 h to
shear stress of 5 dyn/cm? for 1 h as representative of physiological levels of bulk shear stress
experienced by the cells in circulation. We chose 48 h post infection as a representative of
late time point during chlamydial infection cycle, where the bacterium is well established
and takes control of the host cell machinery. Uninfected monocytes exposed to shear, and
infected monocytes under static conditions were used as controls. We measured freshly
expressed IL-1B levels at O h and 4 h after exposure to shear stress so as to capture the effect
of shear stress on both the release of existing and de novo synthesized IL-1p, respectively.
As shown in Fig. 2A, the uninfected controls showed very low levels of IL-1f production
under both static and shear conditions. Interestingly, we observed that shear stress did not
have any effect on IL-1f release from uninfected cells but only infected cells responded to
applied shear stress with the release of 1L-1f8. The IL-1 production increased 3—-4 fold due
to shear exposure (Fig. 2B). There was a slight decrease in the cytokine level after 4 h shear
compared to immediately after shear exposure. The increase in IL-1f secretion due to shear
stress in infected cells may contribute to the increase in chemokine production and
subsequent monocyte chemotaxis as reported in our previous study on effect of shear stress
on chemokine production by Chlamydia pneumoniae -infected monocytes (Evani et al.,
2013a). We also analyzed the secretion of IL-1p from uninfected and infected cells subjected
to a shear stress of 15 dyn/cm?, which is at the higher end of the physiological shear stress
range. We observed that 15 dyn/cm? resulted in an increase in IL-1f production only from
infected monocytes and this increase was quantitatively similar to that of 5 dyn/cm? (Fig.
S2).

Next, we investigated the source of increased IL-10 secretion due to shear stress. We ruled
out the possibility of passive leakage of IL-1f3 due to compromised membrane integrity
during shear exposure by trypan blue exclusion since cells remained viable and intact (Fig.
3A). Next, we analyzed changes in the IL-13 mRNA levels by reverse transcription
polymerase chain reaction (RT-PCR). IL-1f is synthesized as pro-IL-1f8 which is cleaved by
inflammasome before being released as functional 1L-1p. As expected, we found that
infection itself triggered the expression of IL-1p gene when compared to uninfected cells,
which served as baseline with measurable mRNA levels (Fig. 3B). We observed that the
actual levels of mMRNA showed considerable variability possibly due to the differences in the
susceptibility of the donor monocytes to infection. We also found that shear stress
upregulated IL-1f gene expression by 2-fold only in infected cells (Fig. 3B and C) but
uninfected cells showed no measurable IL-1[ gene expression. This increase directly
translated to intracellular IL-10 levels: while uninfected cells had only baseline levels, shear
stress increased the levels of the cytokines inside the cells by 2-3 fold (Fig. 3D). The mRNA
and intracellular IL-10 levels demonstrate that shear stress upregulates IL-1p at the genetic
level in infected monocytes.
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Our observations suggest that the mechanical stimuli on the infected cell surface are
transduced to a secretory inflammatory response only in the presence of an additional
operative. A likely candidate may be autocrine/paracrine signaling due to cytokines released
from infected monocytes. It has previously been shown that cytokines such as TNFa, IL-1
or IL-13 act in concert with mechanical forces to modulate gene expression patterns in
endothelial cells (Sheikh et al., 2005; Huang, et al., 2013a), airway epithelial cells (Huang et
al., 2012b), and smooth muscle cells (Desai et al., 2011). On the other hand, uninfected
monocytes are unresponsive to shear stress contrasts with another leukocyte subtype, naive
neutrophils, which upon isolation from blood remain unactivated in the presence of shear
stress but get activated under static conditions.

In summary, our results show that C. pneumoniae infection of human monocytes creates a
pro-inflammatory microenvironment by the secretion of IL-1f which is further elevated by
exposure to fluid shear stress created due to blood flow. We also show that this exacerbated
production of IL-1f cytokine is due to mechanotransduction at the gene level with marked
increase in IL-13 mRNA expression. Taken together, our study addresses the potent role of
biomechanical factors in modulating cellular and molecular responses of inflammatory cells
in disease progression in the vasculature. While there is enough evidence that infection can
be an etiologic factor for cardiovascular events, understanding the underlying mechanisms
may lead to novel anti-infective treatments. In a larger context, our results tempt us to
speculate that fluid shear stress, i.e., blood flow, may be an important regulator of systemic
acute and chronic diseases by controlling local concentrations not only by transport but also
their secretion.

Materials and Methods

Human monocytes

Primary human monocytes from buffy coat were isolated as described previously in Evani et
al. (2013b). The monocytes were then resuspended in RPMI (ATCC, Manassas, VA)
complete media supplemented with 10% FBS (Life Technologies, Grand Island, NY) at a
concentration of 1x10° cells/ml and kept at 37°C. The cell viability was estimated using
trypan blue exclusion assay (Countess automated cell counter, Life Technologies, Grand
Island, NY). Monocyte purity was measured by flow cytometry (BD-FACS Caliber, Becton-
Dickinson, San Jose, CA) after staining with FITC- conjugated CD14 antibody with
corresponding isotype control (Miltenyi, Auburn, CA).

Chlamydia pneumoniae culture and monocyte infection

Chlamydia pneumoniae TW183 EB was obtained from University of Washington (Seattle,
WA), and aliquoted and stored at —80°C. C. pneumoniae stock titer was established and the
cells propagated following established protocols (Campbell and Kuo 2009; Evani et al.,
2013a). Monocytes were infected with C. pneumoniae EB at multiplicity of infection (MOI)
of 1 as described previously by Evani et al. (2013a). To quantify infectivity, the adherent
cells at 72 h post infection were fixed in freshly prepared 2% paraformaldehyde,
permeabilized with 1x Permwash (BD Biosciences, San Jose, CA), and labeled with C.
pneumoniae-specific murine primary antibody TT401 and FITC-conjugated anti-mouse
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secondary antibody (Abcam, Cambridge, MA). The nuclei were counter-stained with DAPI
(Life Technologies, Grand Island, NY) and analyzed using a fluorescence microscope
(1000x, Leica DMI6000).

Exposure to shear stress

IL-1B assay

Human monocytes were either infected with PBS (Mock) or C. pneumoniae EB (Infected) at
MOI 1 for 48 h, after which, the wells were placed on ice for 5 min, gently scraped, and
separated from the supernatant by centrifugation. The cells were resuspended in PBS
containing 20 ug/ml gentamicin at a concentration of 6x10° cells and equilibrated for 1 h at
37°C. 500 pl of this cell suspension was sheared for 1 h at 0 (static) or 5 dyn/cm?, and cells
and supernatant were collected either immediately after shear exposure or after incubation
for another 4 h at 37°C (Evani et al., 2013a). We used a cone-and-plate viscometer with an
angle of 0.5° (DVII+, Brookfield Instruments). The shear stress values are average shear
stress experienced by over 500,000 cells in a cone-and-plate viscometer over a 1 h duration.
The supernatant was supplemented with the recommended 1x concentration of Halt protease
inhibitor cocktail (Thermo Scientific, Rockford, IL) and stored at —80°C for further analysis.
The static controls were maintained at conditions similar to shear treatment except for the
rotation of the cone. Cell viability was estimated as described above, and for intracellular
ELISA assays, the cell lysates were prepared as described below.

Supernatant from mock- or C. pneumoniae-infected monocytes was collected, supplemented
with the recommended 1x concentration of Halt protease inhibitor cocktail (Thermo
Scientific, Rockford, IL) and stored at —80°C for further analysis. For intracellular ELISA,
the flasks/wells were incubated on ice for 5 min to detach the adherent cells, gently scraped,
separated by centrifugation (10 min, 300xg) and counted. The cells were lysed for
intracellular ELISA using RIPA buffer (Thermo Scientific, Rockford, IL) with 1x
concentration of Halt protease inhibitor cocktail (Thermo Scientific).The cell lysate was
collected by spinning down at 10,000 rpm at 4°C for 10 min and stored at —80°C for further
analysis. The supernatant or cell lysates were assayed for IL-1f using Human IL-18 ELISA
Set Il (BD Biosciences, San Diego, CA) according to manufacturer’s instructions.

Estimation of IL-1B RNA levels

RNA was extracted from the monocytes using the RNeasy Kit (Qiagen, Valencia, CA), and
was reverse transcribed to cDNA using TagMan reverse transcription kit (Applied
Biosystems, Foster City, CA) following manufacturer’s instructions. gRT-PCR was
performed using SYBR green PCR master mix (Applied Biosystems, Foster City, CA), and
the amount of cDNA in the samples for IL-1f3 gene was determined after normalizing the
levels of induction of actin using ABI Prism 7300 system (Applied Biosystems). The
expression levels of IL-1f were calculated from the detection threshold (CT) values of
IL-1pB, and the levels of induction were determined with the AACT method, where the
quantity of each transcript was determined by the equation 272ACT_ The following primers
(Huang et al., 2013b) (Integrated DNA Technologies, Coralville) were used for the
experiment; p-actin, sense, 5-GAGACCTTCAACACCCCAGCC-3; B-actin, antisense, 5’
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GAATCTTCATGAGGTAGTCAG-3; IL-1B, sense, 5'-
AAAAGCTTGGTGATGTCTGG-3; IL-1B, antisense, 5’-
TTTCAACACGCAGGACAGG-3'.

Statistics

All the experiments were performed in either triplicates or at least from three donors under
independent conditions. The results are represented as mean + SD from one representative
experiment/ experiments from different donors in the plots. Statistical differences between
treatments were evaluated as paired tests either using one-tailed Student’s t-test, or two-way
ANOVA (GraphPad Prism, La Jolla, CA), and the results were considered significant if
p<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
C. pneumoniae infection of human monocytes and IL-1p secretion. (A) Human monocytes

were infected with C. pneumoniae at MOI 1 and cultured for up to 72 hours. The adherent
cells were fixed at different time points and stained with anti-Chlamydia antibody and
DAPI. Cell nuclei (blue), and Chlamydial inclusions (green) are shown. Magnification is
1000x; Scale bar is 12 um. (B) Kinetics of IL-1p release from C. pneumoniae- infected
human monocytes. The supernatants from infected human monocytes were collected at 6,
24, 48 and 72 h and analyzed for IL-1B. The results are expressed as mean + SD of a
representative experiment performed in triplicates for one donor.
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Figure 2.

Time post shear (h)

Effect of shear stress on IL-1p secretion from C. pneumoniae-infected monocytes. Human
monocytes were infected with mock (media only) or C. pneumoniae EB (MOI 1) for 2.5 h.
48 h post infection, uninfected and infected cells at a concentration of 6x10° cells/ml were
sheared for 1 hour at 0 (static) and 5 dyn/cm? (shear) using a cone-and-plate viscometer.
After shear exposure, the cells were incubated for further 0 or 4 h, and supernatants and cell
lysates were analyzed for IL-15 by ELISA. The results are expressed as actual levels (A) and
fold increase (B) from one representative experiment performed for four donors and
statistical difference was evaluated using two-way ANOVA (*p<0.05).
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Figure 3.

Regulation of IL-1f expression in C. pneumoniae-infected monocytes. Human monocytes
were infected with C. pneumoniae EB (MOI 1) for 2.5h. 48 h post infection, 500 pl of cells
at a concentration of 6x108 cells/ml was sheared for 1 h at 0 and 5 dyn/cm? in a cone-and-
plate viscometer. The cells were counted and checked for viability using trypan blue assay
(A). The results are expressed as mean + SD of one representative experiment performed for
three donors. The cells were collected immediately post shear and intracellular IL-1p and
RNA levels were quantified using ELISA and RT-PCR, respectively. The IL-1f levels were
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below detectable limits for uninfected cells. The results are expressed as actual levels (B)
and fold increase (C) of IL-1p mRNA with respect to static, infected and intracellular IL-1
(D) for 5 donors and statistical difference was evaluated using paired t-test.
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