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ABSTRACT 

 

 

THESIS: Staphylococcus aureus stimulates the release of constitutive tissue 

factor in lung epithelial cells   

STUDENT:  Robin Irene DeWalt  

DEGREE:    Master of Science  

COLLEGE:   College of Science and Humanities  

DEPARTMENT:  Biology 

DATE:   May 2011 

PAGES:  50 

 

  Sepsis is a life threatening condition caused by infectious agents, including the 

Gram-positive bacterium Staphylococcus aureus.  Symptoms of sepsis often include 

intravascular coagulation and organ failure.  Tissue factor (TF), the initiator of 

coagulation, may contribute to fibrin deposition in the lungs of patients with sepsis.  We 

have found that lung epithelial cells constitutively express TF on the cell surface and in 

intracellular pools.  Levels of TF diminished in response to S. aureus invasion possibly 
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indicating a release in the form of shedding vesicles.  TF levels diminish in response to 

viable bacteria, but not in response to heat killed (HK) bacteria.  Our studies indicate that 

bacterial attachment at the host cell surface is insufficient to diminish levels of 

constitutive TF.  Finally, we established that levels of constitutive intracellular TF 

diminish in response to the bacterial toxin, α-hemolysin, alone.  This approach may 

provide a basis for understanding the role of TF in coagulation seen in sepsis. 
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INTRODUCTION 

 

 

S. aureus  

 

S. aureus is a Gram-positive coccus bacterium that forms clusters in many layers 

and presents gold pigmentation as colonies on nonselective media (Lowy 1998).  Each 

bacterium is approximately 1 µm in diameter (Plata, Rosato et al. 2009).  S. aureus is one 

of the most harmful bacterial pathogens due to its invasiveness and multi-drug resistance 

seen in both community-acquired and hospital-acquired infections.  Among the 

populations of healthy adults, 30-50% are carriers of S. aureus, with 10-20% having 

persistent colonization and an increased risk of infection.  Even the healthiest individual 

can be overcome rapidly by a systemic S. aureus infection (Sinha and Herrmann 2005).  

However, people who are immuno compromised are at a higher risk of staphylococcal 

colonization and infection (Lowy 1998).  The start of an infection begins when a breach 

in the skin barrier or the mucus membrane occurs, which in turn allows S. aureus to enter 

the bloodstream or disseminate through tissue.  A breach in the epithelial barrier may be 

accomplished in several ways, including by intravascular catheters, implants such as hip 

and knee replacements, or mucosal damage (Sinha and Herrmann 2005).  Colonization of 

this organism is commonly found on damaged skin surfaces, nares, pharynx, vagina, or 
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axillae (Lowy 1998).  Targeted sites for S. aureus infection have been found to be in the 

bones, joints, kidneys and lung. 

  Virulence factors of S. aureus, such as the presence of adhesion molecules and 

the secretion of toxins, increase the pro-inflammatory state of mammalian cells (Lowy 

1998; Plata, Rosato et al. 2009).  S. aureus express a large number of conserved 

microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) 

that are attachment mediators and colonization initiators.  MSCRAMMs play an 

important role in the colonization of host tissue through the binding of extracellular 

proteins (Lowy 1998).  S. aureus function to invade the cell by adherence to host cells, 

through host cell receptor adhesion interactions, allowing the bacteria to enter through 

phagocytosis.  Also, in the presence of injury or endovascular damage, platelet-fibrin 

thrombi are formed and staphylococci circulating in the blood are able to attach through 

MSCRAMM-mediated mechanisms.  Fibronectin-binding protein (FnBP), an 

MSCRAMM, is harbored in most pathogenic S. aureus strains and plays a role in the 

adherence and host cell mediated invasion of S. aureus (Sinha and Herrmann 2005).  

FnBP not only plays a large role in the adhesion of S. aureus to a host cell, but also 

serves as a trigger for activating cell-mediated phagocytosis (Garzoni and Kelley 2009).  

This stimulation initiates remodeling of the cytoskeleton allowing S. aureus to be 

internalized into the cell.  Once the bacteria are internalized, S. aureus escapes the host 

defense mechanisms as well as the bactericidal effects of antibiotics promoting survival 

and enhancement of persistent and re-occurring infections.   
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Sepsis may be exacerbated due to the secretion of toxins, α-hemolysin, β-

hemolysin, γ-hemolysin, leukocidin, and Panton-Valentine leukocidin, by S. aureus 

(Lowy 1998; Plata, Rosato et al. 2009).  For example, α-hemolysin toxin secreted from S. 

aureus functions by inserting into host cell membranes forming a pore causing allowing 

for the release of cell components.  These secreted products stimulate an overall pro-

inflammatory state of the host cell.  These combined actions may potentially induce the 

expression of TF in host cells (Wang, Bastarache et al. 2008).  Organs most commonly 

affected in severe sepsis are the lung and kidney.   

S. aureus is the most widespread cause of the life-threatening conditions seen in 

sepsis (Lowy 1998).  Patients with sepsis have an immune response to a known source of 

infection, or pathogen, which will at times lead to severe sepsis resulting in acute organ 

dysfunction due to a systemic inflammatory response (Hodgin and Moss 2008).  Septic 

patients have increased amounts of intravascular and extravascular coagulation, as well as 

increased amounts of TF in the lung.  As a result, fibrin deposition in the airspace is often 

observed (Wang, Bastarache et al. 2008).  While the diagnosis of sepsis has improved 

throughout the past decade, the management of sepsis is ongoing and remains a major 

public health concern.  

Sepsis can cause in multi-organ failure, disseminated intravascular coagulation, 

and eventually result in death (Lowy 1998).  Another key feature of sepsis is fibrin 

generation contributing to organ damage seen throughout the body (Wang, Bastarache et 

al. 2008).  Acute lung injury by sepsis can be characterized by the deposition of fibrin in 

the alveolar airspace.  Almost half of all cases of severe sepsis originate in the lung 
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(Hodgin and Moss 2008).  Endothelial cells that have been infected with invasive S. 

aureus induce the expression of TF, resulting in fibrin deposition in and around the 

infected area (Wang, Bastarache et al. 2008).  Upon injury or cell activation, TF may be 

released from cells leading to an unbalanced hemostasis (Bastarache, Wang et al. 2007).   

 

  Coagulation and hemostasis   

 

Hemostasis is the mechanism the body utilizes to keep blood in a fluid state 

(Mackman, Tilley et al. 2007).  TF, the initiator of the extrinsic pathway of the 

coagulation cascade (Bastarache, Wang et al. 2007), may be released from cells in the 

form of shedding vesicles and potentially increase intravascular coagulation seen in 

sepsis (Mackman, Tilley et al. 2007).   Blood coagulation is a highly regulated and 

complex process that is essential to prevent hemorrhage while preventing obstruction of a 

blood vessel by clot formation (Rubin, Crettaz et al. 2010).  TF is expressed in many cells 

throughout the body, and in turn plays an essential role in the balance of hemostasis.  

When an injury occurs, a series of events are initiated in order to seal off the damaged 

area to prevent blood loss, maintaining hemostasis (Mackman, Tilley et al. 2007).  

Constriction of the blood vessel is the first response to an injury allowing for slowing of 

the blood flow to the given area.  This constriction is then followed by the formation of a 

temporary plug in order to further prevent blood loss from that vessel.  Finally, the 

temporary plug is transformed into a stable clot by fibrin cross linkages.  This initial 

process is essential to prevent hemorrhage while allowing blood to remain in a fluid state 
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in the absence of injury.  This entire process is accomplished by utilizing platelets as well 

as the coagulation system to ultimately maintain hemostasis (Figure 1).   

The coagulation cascade is stimulated to maintain hemostasis when an injury to a 

vessel occurs (Mackman, Tilley et al. 2007).  This injury acts to disrupt the endothelium 

and in turn exposes underlying collagen. The exposed collagen allows circulating 

platelets, which are found in blood, to bind to the collagen with the assistance of von 

Willebrand factor.  Von Willebrand factor is a protein secreted from endothelial cells and 

platelets (Bastarache, Wang et al. 2007).  TF has been found on the surface of cells as 

well as intracellular pools and upon injury to a vessel, cellular stress, or inflammation, 

can be released or presented on the cell surface from cells inducing expression of TF 

(Bastarache, Wang et al. 2007; Wiiger and Prydz 2007).  This regulation of TF results in 

an increased overall procoagulant state of the cell, however the mechanism behind this 

regulation in which this process occurs remains to be fully characterized (Wiiger and 

Prydz 2007; Wang, Bastarache et al. 2008).   

TF is a transmembrane glycoprotein that consists of three main domains, a 

transmembrane domain, a cytoplasmic domain, and an extracellular domain (Butenas, 

Orfeo et al. 2009).  The transmembrane domain functions to anchor TF to the membrane, 

while the cytoplasmic domain is responsible for activating cell signaling pathways within 

the cell.  The extracellular domain of TF serves as a cell surface receptor for the 

circulating zymogen glycoprotein factor VII (Mackman, Tilley et al. 2007; Wiiger and 

Prydz 2007).  Factor VII is an inactivated enzyme, found in circulation, and is able to 

escape coagulation proteases due to its low enzymatic properties (Butenas, Orfeo et al. 
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2009).  Upon factor VII binding with TF, an active enzyme complex is formed driving 

the extrinsic pathway.  The TF-VIIa tenase complex is the initiator of the extrinsic 

protease coagulation cascade (Mackman, Tilley et al. 2007; Rubin, Crettaz et al. 2010).  

Proper functioning of the extrinsic pathway through this initiation is essential for 

maintaining a balanced hemostasis.    

Once activated, the TF-VIIa tenase complex undergoes a conformational change 

increasing the affinity for factor X (Mackman, Tilley et al. 2007).  The TF-VIIa complex 

continues the protease activation cascade with the formation of a ternary complex by the 

activation of factor X (Wang, Bastarache et al. 2008).  The ternary complex, TF-VIIa-Xa, 

proceeds to convert prothrombin to thrombin.  The conversion of prothrombin to 

thrombin is enhanced in the presence of the ternary complex, factor V, as well as platelets 

and Ca
2+

 ions.  An overall negative charge at the cell membrane acts to catalyze this 

activation by aiding in more efficient complex formation (Rubin, Crettaz et al. 2010).  As 

soon as prothrombin is successfully converted to thrombin it is now able to catalyze the 

conversion of fibrinogen to fibrin (Mackman, Tilley et al. 2007).  Finally, fibrin stabilizes 

the platelet plug by the formation of covalent cross-linkages forming a stable clot.  

Thrombin also activates factor XII and along with the help of Ca
2+

 ions acts to stabilize 

the covalent cross-linkages for the newly formed clot.   

It is thought that once the coagulation cascade is initiated by TF, continual 

contribution of TF steadily drives coagulation at the site of injury (Mackman, Tilley et al. 

2007).  Likewise, the coagulation cascade is arrested when a decrease in TF is observed.  

TF positive shedding vesicles have been speculated to be involved in thrombosis 
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(Tesselaar and Osanto 2007), and in turn may increase patient morbidity and mortality 

seen in sepsis.  It has been suggested that intravascular coagulation may be due to the 

release of TF positive shedding vesicles (Wang, Bastarache et al. 2008).  TF positive 

shedding vesicles found in circulation may be an explanation for TF that has been found 

in the alveolar space (Wang, Bastarache et al. 2008; Bastarache, Fremont et al. 2009).  TF 

found in the alveolar space may contribute to fibrin deposition in the lung resulting in 

thrombus formation and increased vascular permeability (Wang, Bastarache et al. 2008).    

 

Shedding vesicles  

 Shedding vesicles are comprised of negatively charged phospholipids that 

are formed by budding from the membrane of the donor cell (Cocucci, Racchetti et al. 

2009; Rubin, Crettaz et al. 2010).  Unlike exosomes, shedding vesicles are formed by 

outward budding from the membrane of the donor cell.  This budding allows shed 

vesicles to contain properties of the membrane and cytoskeleton, lack a nucleus, and be 

defined by their size from 0.1μm to 1μm (Burnier, Fontana et al. 2009; Cocucci, 

Racchetti et al. 2009; Rubin, Crettaz et al. 2010).  The membrane of shed vesicles is 

represented by significant remodeling of the donor cell membrane properties, in turn 

making the surface of vesicles unique from the parental cell in which it was derived.  

Shedding vesicles are circular in shape and limited to a diameter of 200 nm.  The small 

size of shedding vesicles makes them difficult to detect, characterize, and quantify.  Flow 

cytometry is a commonly used method for detection, however due to the small size of 

shed vesicles it is often hard for an experimenter to differentiate the vesicles from 
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electronic noise and cellular debris.  Nevertheless, newer machinery with more sensitive 

lasers has advanced the detection of shed vesicles.    

Shedding vesicles are released by several mechanisms including cell injury and 

stress, cell activation, apoptosis, activation of the inflammatory response, as well as other 

normal cellular processes (Burnier, Fontana et al. 2009).  Shedding vesicles are 

commonly released by most cells throughout the body and function as communication 

messengers between cells (Cocucci, Racchetti et al. 2009).  While the characterization of 

their release remains to be fully characterized, it is understood to be a result of a specific 

cell process or response.  Upon immediate release of vesicles, into the extracellular space, 

vesicles are either broken down and their contents are released, or diffused and 

transferred in circulation to other cells throughout the body (Cocucci, Racchetti et al. 

2009; Rubin, Crettaz et al. 2010).  The release or transfer of vesicles may have adverse 

physiological effects to cells surrounding the affected area.  Circulating shed vesicles 

may be TF positive adding to the pro-coagulant state, and may influence the activation of 

the protease coagulation cascade through the extrinsic pathway (Burnier, Fontana et al. 

2009).   

Upon release of vesicles from donor cells they can enter into circulation and come 

into contact with other target cells allowing them to be taken into the target cell by 

phagocytosis or by fusing to the cell membrane (Cocucci, Racchetti et al. 2009).  These 

shed vesicles may be specifically transferred to cells due to the presence of adhesion 

molecules on the cell surface, as well as through the process of transcytosis.  Upon 

vesicle fusion to the plasma membrane of the receptor cell, shed vesicle properties can be 
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transferred to the receptor cell membrane (van Doormaal, Kleinjan et al. 2009).  These 

transferred properties may then be incorporated into the receptor cell membrane, and may 

also potentially induce cell signaling.  Increased levels of shed vesicles in circulation may 

be due to cell stress, death, or inflammation caused by bacterial infection (Burnier, 

Fontana et al. 2009).  Ca
2+

 can act as a second messenger and has the ability to stimulate 

and increase of the release rate of shedding vesicles (Cocucci, Racchetti et al. 2009).  

Formations of vesicles released in the lung may be TF positive and play a role in the 

contribution of the total amount of fibrin deposition seen in the alveolar space during 

sepsis (Wang, Bastarache et al. 2008; Bastarache, Fremont et al. 2009).  Levels of 

shedding vesicles may be dependent upon the current disease state of the patient (van 

Doormaal, Kleinjan et al. 2009), and are highly dependent upon their rate of release as 

well as the rate of clearance through circulation (Burnier, Fontana et al. 2009).   

 

Simvastatin  

 Patients who commonly take prescribed statins are at a decreased risk of sepsis 

related death (Kruger and Merx 2007).  Statins are drugs that are frequently prescribed to 

patients to lower cholesterol by inhibiting the rate-limiting step of the cholesterol 

biosynthesis pathway.  Simvastatin, a lipophilic statin, is commonly prescribed to patients 

with high cholesterol (Tobert 2003; Zhou and Liao 2010).  Simvastatin is effective and 

safe for lowering cholesterol.  Cholesterol is reduced as a result of statin treatment by the 

inhibition of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the rate 

limiting enzyme in the cholesterol biosynthesis pathway.  Statins act to block the active 
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site of HMG-CoA, in turn inhibiting the conversion to L-mevalonic acid (Zhou and Liao 

2010).  As a result of the reduction of HMG-CoA, and the depletion of isoprenoid 

intermediates, patients with high cholesterol have lower cholesterol levels in plasma 

(Endo 1992) (Figure 2).  

Inhibition of the cholesterol biosynthesis pathway at this early step, not only 

lowers cholesterol, but also decreases the production of isoprenoid intermediates such as 

farnesylpyrophosphate (FPP), and geranylgeranylpyrophosphate (GGPP) (Goldstein and 

Brown 1990; Zhou and Liao 2010).  One of the main functions of FFP and GGPP is to 

serve as anchors to the cell membrane (Zhang and Casey 1996).  This function is 

inhibited with their depletion preventing their ability to be anchors to the cell membrane 

through the depletion of isoprenoid intermediates.  As a result, low-density lipid protein 

(LDL) is quickly removed from the plasma due to an increased presence of LDL 

receptors reducing cholesterol synthesis (Zhou and Liao 2010).  

Isoprenoid intermediates are covalently bound at the cysteine residue to the 

CaaX-containing proteins (Zheng, Bagrodia et al. 1994; Bokoch, Vlahos et al. 1996).  

Their primary function is to serve as a domain supplying a linkage to the cell membrane 

and to the regulatory subunit p85.  S. aureus invades a cell after surface adhesions bind to 

host cell matrix/receptor proteins and is internalized during endocytosis (Lowy 1998; 

Alexander and Hudson 2001; Sinha and Herrmann 2005).  Simvastatin inhibits the uptake 

of S. aureus into host cells by the depletion of isoprenoid intermediates and in turn 

prevents invasion of the host cell (Horn, Knecht et al. 2008).  For our research, we 

propose that simvastatin may prevent the release of shed vesicles by inhibiting invasion 
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of S. aureus to the host cell through the depletion of isoprenoid intermediates.   

 

    

Flow cytometry  

 

 Flow cytometry is a commonly used method to measure physical and chemical 

properties of single cells or particles in suspension (Shapiro 2003).   Flow cytometry has 

been used for several years over many scientific applications.  This technique may be 

used to determine how many cells are present in a given sample, the size of the cell, what 

kind of cells are present, and what characteristics each individual cell might possess.  

Flow cytometry is a sensitive diagnostic tool used to identify specific cells and their 

unique characteristics.  These findings have been important since the 1940’s in early 

diagnosis of disease states allowing for more reliable and efficient treatment plans.     

 With a flow cytometer, individual cells or particles, in suspension, continually 

and rapidly flow through a chamber being exposed to a beam of light by a laser.  

Identification of cell properties can be determined by the way that light is scattered off of 

each individual cell.  Light can be scattered at several different angles providing a 

measurement tool to characterize each individual cell.  The term forward scatter (FSC), 

or small-angle scatter, refers to light that is scattered off of cells at very small angles and 

parallel to the laser beam.  This measurement may be used to inform the researcher of the 

size and the overall health of the cell.  Side scatter (SSC), on the other hand, refers to 

light that is emitted off of cells at larger angles and perpendicular to the laser beam.  This 
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measurement is used to inform the experimenter of the cells granularity and the overall 

roughness of the cell surface.   

All of the information generated, by the detection of light, from each cell is 

collected by a light detector and transferred to a computer for further analysis.  These 

data may be plotted on a histogram, on a linear or log scale, and can then be reviewed by 

the researcher to answer many experimental questions.  Flow cytometers can also contain 

detectors which allow the researcher to utilize a fluorophore conjugated antibody to 

further answer experimental questions.  These fluorescently tagged antibodies absorb 

light, as the cell is passed through the laser, and as a result emit a wavelength of light 

specific to that fluorophore.  For example, at a wavelength of 555 a wavelength of light is 

emitted, whereas at a wavelength of 488 a different wavelength of light is emitted 

indicating different fluorophores.   Fluorophores can be extremely helpful in identifying 

cell components such as cell surface as well as intracellular proteins.  

 Gating is a term that is commonly used for selecting a group of cells the 

researcher wants to analyze.  Gating allows the experimenter to choose a population of 

cells that are of interest to the experimenter, to further gather information to answer their 

experimental question.  In general, cells displaying lower FSC values tend to indicate a 

dead cell population.  Unlike dead cells, live cells can be identified by higher FSC values 

allowing for easy identification of a healthy population.  For instance, cells undergoing 

apoptosis or osmotic swelling tend to have lower FSC values while cell volume and 

refractive index are not changed.   
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For our research, the Accuri 6 flow cytometer was used in order to detect the 

protein TF on the surface of the cell as well as in intracellular pools.  Cells were 

fluorescently tagged with antibodies specific for TF and conjugated to PE, a fluorophore 

that emits a wavelength of light by the 488 laser beam.  Any stained cells that emit light 

when hit with the 488 laser for the PE conjugated antibody are detected on the FL2 

detector, and were considered to answer our experimental questions regarding TF present 

in the adenocarcinoma cell line, H441.  

 

Significance of project  

The purpose of this study was to determine whether cell surface and intracellular TF is 

released from cells by the presence of S. aureus.  We have focused our study on the 

release of TF due to host cell invasion and the presence of toxins produced by S. aureus.  

We have found that  

α-hemolysin, a toxin secreted by S. aureus, diminishes intracellular TF from the 

adenocarcinoma derived cell line, H441 (Figure 10).  Constitutive TF was released within 

an hour of infection. TF is the primary initiator of the extrinsic pathway (Edgington, 

Mackman et al. 1991).  Therefore, we propose that a loss of constitutive TF from the cell 

surface and intracellular store may be due to the release of TF positive shedding vesicles.  

We propose that TF released in the form of shed vesicles, due to infection with S. aureus, 

may contribute to dysregulated coagulation and increase the amount of fibrin deposition 

in the alveolar space in sepsis.  
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MATERIALS AND METHODS 

 

 

Supplies  

The following supplies were used within each method described in detail below at 

specified concentrations:  1x phosphate buffered saline (PBS) 20012, distilled water 

15230-162 (Invitrogen, Carlsbad, CA); RPMI 30-2001, S. aureus 29213 (American Type 

Tissue Culture, ATCC, Manassas, VA); 75 cm
2
 flasks 430641, sodium chloride S271-

500, bovine serum albumin (BSA) 082347A, 35-mm tissue culture dishes 08-772-A, flow 

cytometry tubes 14-961-20, cell scrapers 07-200-364, dimethyl sufoxide (DMSO) 

BP231-1, 37% formaldehyde BP531-500, 100cm
2
 tissue culture dishes S831802  

(Thermo-Fisher, Pittsburgh, PA ); Tween-20 P5927, formaldehyde PS2031, trypic soy 

broth (TSB) 22092, lysostaphin L-7386, gentamicin G1272, tryptic soy agar (TSA) 

22091, 1% saponin S-4521 (Sigma-Aldrich, St. Louis, MO); 10% fetal bovine serum 

(FBS) S11150, (Atlanta Biologicals, Lawrenceville, GA); anti-TF antibody CD142 

550312, isotype control 555749 (BD, San Jose, CA); simvastatin 567021 (Calbiochem, 

Gibbstown, NJ); fibronectin 150025 (MP Biomedicals, Solon, OH); 16% 

paraformaldehyde 15710 (Electron Microscopy Science, Hatfield, PA); cell spreaders 

53800-008 (VWR, Radnor, PA); methicillin resistant Staphylococcus aureus (MRSA) 

MU50 ATCC 700699 NRS1 graciously provided by Kathleen Dannelly. 
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Cell culture 

Adenocarcinoma cell line H441 (HTB-174, ATCC) was cultured in RPMI along 

with 10% FBS and maintained at 37ºC, 5% CO2, in vented 75 cm
2
 flasks.   

 

S. aureus 

S. aureus ATCC strain # 29213 was subcultured daily in TSB (200 rpm, 37ºC).  S. 

aureus bacteria were harvested by centrifugation (10,000 rpm at 37ºC), washed with 

sterile 0.85 % saline, and resuspended in saline in order to yield 3x10
8
 cells/ml.   

 

Evaluation of cell surface TF in response to S. aureus    

H441 were plated in RPMI/10% FBS at 3x10
4 
cells on 35-mm tissue culture 

dishes.  Harvested bacteria were diluted to 3x10
8
 cells/ml and plates were infected with S. 

aureus at multiplicities of infection (MOI) of 30, 100, 300 (1 hr., 37ºC, 5% CO2).  H441 

were harvested using cold buffer (2% BSA/PBS) and cell lifters.  H441 were then 

centrifuged (5 min., 1,000 rpm, 8ºC) and supernatant discarded.  H441 were incubated 

with 10 µl anti-TF antibody (30 min., on ice), centrifuged (5 min., 2,000 rpm) and fixed 

with cold buffer containing 0.7% formaldehyde.  The percentage of cell surface TF 

positive H441 was determined using Accuri 6 flow cytometry.   
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Evaluation of intracellular TF in response to S. aureus 

The same procedure was followed as described above with the following 

modifications.  H441 were fixed after centrifugation (5 min., 1,000 rpm, 8ºC) with cold 

buffer containing 4% paraformaldehyde.  H441 were permeablized with cold 

permeabilization buffer (5% tween-20, 1x PBS, 15 min. room temperature), stained in the 

dark (15 µl) for TF (30 min., room temperature) and centrifuged (5 min., 2,000 rpm).  

The percentage of intracellular TF positive H441 was determined using Accuri 6 flow 

cytometry.  

 

Evaluation of intracellular and cell surface TF in response to HK S. aureus     

 The same procedure was followed as described above with the following 

modifications.  Harvested bacteria were heat killed, (20 min., 80ºC) washed with 0.85% 

saline, and H441 were infected with HK bacteria at a concentration equivalent to MOI 

100.  The percentage of cell surface and intracellular TF positive H441 was determined 

using Accuri 6 flow cytometry. 

 

Evaluation of intracellular and cell surface TF in response to fibronectin   

 The same procedure was followed as described above with the following 

modifications.  H441 were treated with fibronectin (10 µg/mL, 1hr., 37ºC, 5% CO2).  The 
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percentage of cell surface and intracellular TF was determined using the Accuri 6 flow 

cytometer.  

 

Invasion assay  

 H441 were plated in RPMI/10% FBS at 3x10
4 
cells on 35-mm tissue culture 

dishes.  S. aureus was harvested as described above and infected at an MOI of 100 (1 hr., 

37ºC, 5% CO2).  H441 were treated with lysostaphin (20 µg/mL) and gentamycin (50 

µg/mL) to remove extracellular bacteria (45 min., 37ºC, 5% CO2) and H441 were washed 

with PBS.  H441 were permeablized with 1 % saponin/PBS (20 min., 37ºC, 5% CO2) to 

release internalized bacteria.  Typtic soy agar plates were incubated with serial dilutions 

of supernatant, and colonies were counted (16 hr., 37ºC).   

 

Evaluation of intracellular and cell surface TF in simvastatin treated cells  

 The same procedure was followed as described above with the following 

modifications.  H441 were pretreated with simvastatin (1µM) in DMSO (24 hr., 37ºC, 

5% CO2), and infected at an MOI of 100 (1 hr., 37ºC, 5% CO2).  The Accuri 6 flow 

cytometer was used to determine the percentage of cell surface and intracellular TF 

positive H441.  
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Evaluation of intracellular TF in response to S. aureus α-hemolysin 

The same procedure was followed as described above with the following 

modifications.  H441 were treated with S. aureus α-hemolysin (1µM, 1hr., 37ºC, 5% 

CO2).  The percentage of cell surface and intracellular TF was determined using the 

Accuri 6 flow cytometer. 

 

Flow Cytometry  

 A healthy population of cells was identified by larger SSC and FSC values on the 

Accuri 6 flow cytometer.  The cells that were gated were considered to be representative 

of a healthy population and were used to answer experimental questions. 
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Figure 3: Gating by flow cytometry identifies cell morphology.  H441 were identified by 

gating around the population of cells with high side scatter (SSC) and forward scatter 

(FSC) values indicating cells that are large in size and exhibiting granularity on the 

Accuri 6 flow cytometer.   

 

Statistical analysis  

 For all studies, comparisons of normally distributed data between two groups 

were assessed by Student’s t-test and comparisons of three or more groups by one-way 

ANOVA followed by Student-Neuman-Keuls post-hoc analysis (Sigma Stat, Systat, 

Point Richmond, CA).  Differences between groups were considered statistically 

significant at p <0.05.  Experiments include replicate samples (n ≥ 3) and were repeated 

as independent experiments. 
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RESULTS 

 

 

Cell surface TF diminishes in response to S. aureus infection  

 To evaluate the effect of S. aureus on cell surface TF, H441 were treated at 

increasing MOI (30, 100, and 300) or with saline control, for one hour at 37ºC.  The 

percentages of TF positive H441 were assessed by flow cytometry using the Accuri 6 

flow cytometer (Figure 4).  A healthy population of H441 was identified by high FSC and 

SSC values and gated in order to select a population of cells to answer our experimental 

question.  It was determined that at an MOI of 300 TF was diminished at the cell surface.  

Constitutive TF levels failed to diminish at the cell surface at an MOI of 30 and 100 

suggesting that a higher MOI is needed for a release in TF.  This release of constitutive 

TF seen at the cell surface may potentially be a result of shed vesicles.  

 

Intracellular TF diminishes in response to S. aureus infection  

To determine whether infection with S. aureus has an effect on the intracellular 

pool of constitutive TF, H441 were infected at increasing MOI (30, 100, and 300) or with 

saline control, for one hour at 37ºC (Figure 5).  Flow cytometry determined the amount of 

TF positive H441after infection.  Constitutive intracellular TF was diminished across 
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MOI when compared to saline controls.  However, at an MOI of 100 and 300, 

constitutive TF populations diminished in the intracellular store when compared to an 

MOI of 30.  These results indicate that as the MOI of infection increases, release of 

constitutive TF also increases.      

 

TF is released in response to viable S. aureus infection   

To test whether viable bacteria are needed to diminish constitutive cell surface 

and intracellular TF, H441 were infected with viable bacteria at an MOI of 100, or 

incubated with heat killed bacteria at a concentration equivalent to an MOI 100 (Figure 

6).  To heat kill, bacteria were placed in a water bath at 80ºC for twenty minutes and 

washed prior to incubation.  Flow cytometry was used to evaluate the number of TF 

positive H441 after incubation with viable or HK bacteria.  TF levels diminished in 

response to viable bacteria, but not in response to heat killed bacteria.  Heat killed 

bacteria may fail to diminish TF levels possibly due to the absence of secreted toxins or 

loss of the ability to invade the host cell.  Consequently, the presence of bacteria alone is 

not enough to diminish constitutive TF populations.  

     

Attachment of fibronectin is not sufficient for release in TF   

To determine whether the attachment of fibronectin at the cell surface is sufficient 

to release constitutive TF at the cell surface and intracellular store, H441 were treated 

with fibronectin (10 µg/mL) for one hour at 37ºC (Figure 7).  The percentage of TF 
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positive H441 was assessed by flow cytometry.  The percentage of TF positive H441 was 

not affected when treated with fibronectin (10 µg/mL) at both the cell surface and 

intracellular store.  These data suggest that the attachment of fibronectin binding alone to 

the cell surface receptor is not enough to diminish constitutive levels of TF.   

 

Invasion assay  

To test whether or not the invasiveness of S. aureus in H441 can be inhibited with 

simvastatin treatment, H441 were pre-treated with simvastatin (1 µM) twenty four hours 

prior to infection with S. aureus at an MOI of 100.  Colony formation indicated S. aureus 

were invasive to H441 as well as simvastatin treated plates (Figure 8).  These data 

indicate that simvastatin does not inhibit the internalization of S. aureus in H441 cells.   

 

Simvastatin treatment fails to inhibit TF release  

 To reinforce that simvastatin fails to prevent a release of TF by blocking invasion 

of S. aureus to host cells, H441 were pre-treated with simvastatin (1 µM) twenty four 

hours before infection with S. aureus.  The percentage of TF positive H441 was assessed 

by flow cytometry.  These data indicate that the failure of simvastatin to prevent invasion 

of S. aureus into H441 also fails to prevent a release of constitutive TF (Figure 9).  These 

results suggest that the invasiveness of viable bacteria or bacterial toxins may play an 

important role in the release of TF possibly in the form of shed vesicles.   
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 α-hemolysin diminishes intracellular TF   

To evaluate whether the S. aureus toxin, α-hemolysin, diminishes constitutive TF 

of the intracellular store, H441 were treated with α-hemolysin (1 µm) for one hour at 

37ºC (Figure 10).  The percentage of TF positive H441 was assessed by flow cytometry 

using the Accuri 6 flow cytometer.  α-hemolysin treated H441 displayed a release of 

constitutive TF from the intracellular store (Figure 10).  These data suggest that this 

release of TF by α-hemolysin, a bacterial toxin of S. aureus, plays an important role in 

the diminished levels of constitutive TF possibly in the form of shed vesicles.   
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FIGURES 
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Figure 1: The extrinsic pathway of the coagulation cascade.(Mackman, Tilley et al. 

2007; Wang, Bastarache et al. 2008; Rubin, Crettaz et al. 2010)  
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Figure 2: The cholesterol biosynthesis pathway.  (Horn, Knecht et al. 2008)    
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Figure 4: Staphylococcus aureus invasion diminishes cell surface tissue factor (TF).  

H441 were infected at increasing multiplicity of infection (MOI) (1 hr., 37ºC, 5% CO2).  

Cell surface TF was measured by flow cytometry.  Uninfected (U) H441 were incubated 

with saline.  One-way ANOVA analysis performed, n=3/group. (* Less than U, p ≤ 0.05)  
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Figure 5: Staphylococcus aureus invasion diminishes intracellular tissue factor (TF).  

H441 were infected at increasing multiplicity of infection (MOI) (1 hr., 37ºC, 5% CO2).  

Intracellular TF was measured by flow cytometry.  Uninfected (U) H441 were incubated 

with saline.  One-way ANOVA analysis performed, n=3/group. (* less than U, 
†
 less than 

MOI 30, p ≤ 0.05)  
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Figure 6: Viable but not heat killed (HK) Staphylococcus aureus diminish intracellular 

and cell surface tissue factor (TF).  To heat kill, bacteria were incubated at 80ºC for 20 

minutes and washed.  H441 were infected at a multiplicity of infection (MOI) of 100 by 

viable S. aureus or incubated with heat killed bacteria at a concentration equivalent to an 

MOI of 100 (1 hr., 37ºC, 5% CO2).  TF positive H441 were measured by flow cytometry.  

Uninfected (UN) H441 were incubated with saline.  One-way ANOVA analysis 

performed, n=3/group. (* Less than UN,  

p ≤ 0.05) 
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Figure 7: Fibronectin attachment was not sufficient to diminish intracellular tissue 

factor (TF).  H441 were incubated with fibronectin (10 µg/mL) for one hour at 37°C.  TF 

positive H441 were measured by flow cytometry.  Student’s t-test analysis performed, 

n=3/group. (* Less than Untreated, p ≤ 0.05) 
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Figure 8: Simvastatin did not inhibit invasion of Staphylococcus aureus in H441.  H441 

were pretreated with simvastatin (1µM) in DMSO (24 hr., 37ºC, 5% CO2), and infected at 

a multiplicity of infection (MOI) of 100 (1 hr., 37ºC, 5% CO2).  Colony formation 

indicated S. aureus were able to invade H441 as well as simvastatin treated plates.  

Student’s t-test analysis performed, n=3/group.  

(* Less than DMSO, p ≤ 0.05) 
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Figure 9: Simvastatin did not inhibit invasion of Staphylococcus aureus or the release of 

cell surface and intracellular tissue factor (TF).  H441 were pretreated with simvastatin 

(1µM) in DMSO (24 hr., 37ºC, 5% CO2), and infected (I) at a multiplicity of infection 

(MOI) of 100 (1 hr., 37ºC, 5% CO2).  Cell surface and intracellular TF was measured by 

flow cytometry.  Uninfected (U) H441 were incubated with saline.  One-way ANOVA 

analysis performed, n=3/group. (* Less than U, 

 p ≤ 0.05)  
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Figure 10:  α-hemolysin diminishes intracellular tissue factor (TF).  H441 were treated 

with  

α-hemolysin (1µM) in H2O (1 hr., 37ºC, 5% CO2).  Intracellular TF was measured by 

flow cytometry.  Student’s t-test analysis performed, n=4/group. (* Less than Untreated, 

p ≤ 0.05)  
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DISCUSSION 

 

 

Sepsis is a life-threatening condition that can be caused by Gram-positive S. 

aureus infection (Lowy 1998).  As a result of infection with S. aureus, community-

acquired and hospital-acquired infections are on the rise increasing patient morbidity and 

mortality.  S. aureus infections increase the pro-inflammatory state of the cell due to their 

secretion of toxins and the presence of adhesion molecules (Lowy 1998; Plata, Rosato et 

al. 2009).  Host cells infected with S. aureus induce the expression of TF resulting in the 

deposition of fibrin around the infected area and lead to an imbalanced hemostasis 

(Veltrop, Beekhuizen et al. 1999).  Therefore, to study the outcome of sepsis in the lung, 

our research focused on the effect of S. aureus infection on constitutive sources of TF in 

the lung epithelial derived cell line H441.   

 Through our research, we were able to demonstrate that H441 contain constitutive 

sources of TF at the cell surface as well as in intracellular stores (Figures 4 and 5).  To 

evaluate whether these constitutive sources of TF could be released, H441 were infected 

with S. aureus across increasing MOI resulting in a release of constitutive TF.  H441 

infected with S. aureus at increasing MOI displayed a release of constitutive TF on the 

cell surface (Figure 4).  The maximal release of TF was seen at an MOI of 300, indicating 

the possibility of TF release in the form of shed vesicles.  However, when considering the 
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population of constitutive intracellular TF, S. aureus infection at increasing MOI yielded 

an increased release of TF (Figure 5).  These results suggest that intracellular TF upon 

infection with S. aureus is possibly shuttled to the cell surface as the MOI increases.   

 To further understand the loss of TF upon S. aureus infection, the need for viable 

bacteria was investigated.  The purpose of this study was to determine whether the 

presence of bacteria alone was enough to diminish constitutive TF sources of H441.  

Bacteria that were heat killed and washed, to further remove toxins, failed to release 

constitutive TF (Figure 6).  These results indicate that viable bacteria are necessary for a 

release in constitutive TF, suggesting that cell attachment, invasion, or bacterial toxins 

may be responsible for the release of TF.  

 Next, we decided to test the possibility that cell attachment alone may result in a 

release of constitutive TF.  To accomplish this, H441 were treated with fibronectin (10 

µg/mL), and no loss of TF was detected.  This observation suggests that solely 

attachment at the host cell surface is insufficient to result in a significant release in 

constitutive TF.  Therefore, to determine whether or not S. aureus is invasive in H441 an 

invasion assay was performed.  The results of this study indicated that S. aureus was 

invading the host cell, H441, and that the invasion was not inhibited by simvastatin 

(Figure 8).  These results vary from past findings where simvastatin has been shown to 

inhibit host cell invasion in other cell lines (Horn, Knecht et al. 2008).   

 To further examine the inadequate inhibition of host cell invasion, the effect of 

simvastatin on constitutive TF was examined.  To achieve this, H441 were treated with 

simvastatin (1 µM) prior to infection with S. aureus.  Constitutive TF of both the cell 
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surface and the intracellular store was diminished in response to infection (Figure 9).  

These results reinforce the possibility that simvastatin does not prevent invasion of S. 

aureus in H441.  This lack of inhibition illustrates a potential need of invasion by viable 

S. aureus or the presence of bacterial toxins to diminish constitutive sources of TF in 

H441.  

 Finally, in order to further understand the mechanism behind the release of 

constitutive TF, H441 were treated with the bacterial toxin, α-hemolysin.  α-hemolysin 

alone diminished the levels of constitutive TF of the intracellular store (Figure 10).  This 

decrease of constitutive intracellular TF by α-hemolysin suggests bacterial toxins play a 

role in release of constitutive TF possibly in the form of shed vesicles. 

 In summary, we demonstrated that H441 have constitutive sources of TF on both 

the cell surface as well as within an intracellular store, and that those populations 

diminish upon infection with viable S. aureus.  We have indicated that more than just the 

presence of bacteria and attachment is necessary in order to diminish the levels of 

constitutive TF.  These findings indicate that invasion of the host cell by S. aureus 

displays a loss of constitutive TF, and that this effect cannot be inhibited by treatment 

with simvastatin.  Lastly, we can conclude that bacterial toxins, such as α-hemolysin, 

play an essential role in the loss of constitutive TF in H441.   

 The current findings are important for several reasons.  First, the release of 

constitutive cell surface and intracellular TF may be critical to the understanding of the 

pathogenesis of S. aureus infection.  These findings may allow researchers to potentially 

decrease the complications seen in sepsis increasing morbidity and mortality.  Second, a 
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release in constitutive intracellular TF at an MOI of 100 (Figure 5) is not seen in cell 

surface TF at an MOI of 100 (Figure 4) possibly suggesting the relocation of TF to the 

cell surface.  This potential relocation of constitutive intracellular TF in response to S. 

aureus infection may be responsible for increasing the overall pro-coagulant state of the 

cell during sepsis.  At higher MOI (Figure 5), these data indicate the possibility that S. 

aureus invasion may increase the release of TF-bearing vesicles from the host cell also 

contributing to an overall procoagulant state.  Finally, by understanding the release of TF, 

possibly in the form of shed vesicles, we can potentially evaluate the significance of the 

presence of fibrin deposition in the alveolar space of patients with sepsis.   Characterizing 

the release of constitutive TF of H441 in response to S. aureus infection may allow for 

future drug targets aimed at reducing the procoagulant state and dysregulated coagulation 

in sepsis.         

     

    

  

 

 

 

 

 



49 

 

 

REFERENCES  

 

 

 

Alexander, E. H. and M. C. Hudson (2001). "Factors influencing the internalization of 

Staphylococcus aureus and impacts on the course of infections in humans." Appl 

Microbiol Biotechnol 56(3-4): 361-366. 

Bastarache, J. A., R. D. Fremont, et al. (2009). "Procoagulant alveolar microparticles in 

the lungs of patients with acute respiratory distress syndrome." Am J Physiol 

Lung Cell Mol Physiol 297(6): L1035-1041. 

Bastarache, J. A., L. Wang, et al. (2007). "The alveolar epithelium can initiate the 

extrinsic coagulation cascade through expression of tissue factor." Thorax 62(7): 

608-616. 

Bokoch, G. M., C. J. Vlahos, et al. (1996). "Rac GTPase interacts specifically with 

phosphatidylinositol 3-kinase." Biochem J 315 ( Pt 3): 775-779. 

Burnier, L., P. Fontana, et al. (2009). "Cell-derived microparticles in haemostasis and 

vascular medicine." Thromb Haemost 101(3): 439-451. 

Butenas, S., T. Orfeo, et al. (2009). "Tissue factor in coagulation: Which? Where? 

When?" Arterioscler Thromb Vasc Biol 29(12): 1989-1996. 

Cocucci, E., G. Racchetti, et al. (2009). "Shedding microvesicles: artefacts no more." 

Trends Cell Biol 19(2): 43-51. 

Edgington, T. S., N. Mackman, et al. (1991). "The structural biology of expression and 

function of tissue factor." Thromb Haemost 66(1): 67-79. 

Endo, A. (1992). "The discovery and development of HMG-CoA reductase inhibitors." J 

Lipid Res 33(11): 1569-1582. 

Garzoni, C. and W. L. Kelley (2009). "Staphylococcus aureus: new evidence for 

intracellular persistence." Trends Microbiol 17(2): 59-65. 

Goldstein, J. L. and M. S. Brown (1990). "Regulation of the mevalonate pathway." 

Nature 343(6257): 425-430. 

Hodgin, K. E. and M. Moss (2008). "The epidemiology of sepsis." Curr Pharm Des 

14(19): 1833-1839. 

Horn, M. P., S. M. Knecht, et al. (2008). "Simvastatin inhibits Staphylococcus aureus 

host cell invasion through modulation of isoprenoid intermediates." J Pharmacol 

Exp Ther 326(1): 135-143. 

Kruger, S. and M. W. Merx (2007). "Nonuse of statins--a new risk factor for infectious 

death in cardiovascular patients?" Crit Care Med 35(2): 631-632. 

Lowy, F. D. (1998). "Staphylococcus aureus infections." N Engl J Med 339(8): 520-532. 

Mackman, N., R. E. Tilley, et al. (2007). "Role of the extrinsic pathway of blood 

coagulation in hemostasis and thrombosis." Arterioscler Thromb Vasc Biol 27(8): 

1687-1693. 

Plata, K., A. E. Rosato, et al. (2009). "Staphylococcus aureus as an infectious agent: 

overview of biochemistry and molecular genetics of its pathogenicity." Acta 

Biochim Pol 56(4): 597-612. 



50 

 

Rubin, O., D. Crettaz, et al. (2010). "Microparticles in stored red blood cells: submicron 

clotting bombs?" Blood Transfus 8 Suppl 3: s31-38. 

Shapiro, H. M., Practical flow cytometry. John Wiley & Sons, Inc.. Fourth Edition. 2003.  

Sinha, B. and M. Herrmann (2005). "Mechanism and consequences of invasion of 

endothelial cells by Staphylococcus aureus." Thromb Haemost 94(2): 266-277. 

Tesselaar, M. E. and S. Osanto (2007). "Risk of venous thromboembolism in lung 

cancer." Curr Opin Pulm Med 13(5): 362-367. 

Tobert, J. A. (2003). "Lovastatin and beyond: the history of the HMG-CoA reductase 

inhibitors." Nat Rev Drug Discov 2(7): 517-526. 

van Doormaal, F. F., A. Kleinjan, et al. (2009). "Cell-derived microvesicles and cancer." 

Neth J Med 67(7): 266-273. 

Veltrop, M. H., H. Beekhuizen, et al. (1999). "Bacterial species- and strain-dependent 

induction of tissue factor in human vascular endothelial cells." Infect Immun 

67(11): 6130-6138. 

Wang, L., J. A. Bastarache, et al. (2008). "The coagulation cascade in sepsis." Curr 

Pharm Des 14(19): 1860-1869. 

Wiiger, M. T. and H. Prydz (2007). "The changing faces of tissue factor biology. A 

personal tribute to the understanding of the "extrinsic coagulation activation"." 

Thromb Haemost 98(1): 38-42. 

Zhang, F. L. and P. J. Casey (1996). "Protein prenylation: molecular mechanisms and 

functional consequences." Annu Rev Biochem 65: 241-269. 

Zheng, Y., S. Bagrodia, et al. (1994). "Activation of phosphoinositide 3-kinase activity 

by Cdc42Hs binding to p85." J Biol Chem 269(29): 18727-18730. 

Zhou, Q. and J. K. Liao (2010). "Pleiotropic effects of statins. - Basic research and 

clinical perspectives." Circ J 74(5): 818-826. 

 

  


