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ABSTRACT 

Anthrax lethal toxin (LT) is a primary virulence factor of Bacillus anthracis, the 

microorganism that causes anthrax. Recent evidence indicates that LT has direct effects 

on endothelial cells supporting our central hypothesis that LT plays a causative role in 

the vascular pathologies associated with anthrax, including vascular leakage, vasculitis, 

and faulty innate immune response. In order to further understand anthrax pathogenesis, 

it is necessary to determine the precise role of LT on these vascular pathologies. Here, I 

use a primary human endothelial cell culture model to investigate the effects of LT on 

two critical functions of the endothelium: 1) the immune response, which is essential to 

coordinate leukocyte transmigration, and 2) the barrier function, which regulates 

passage of fluid and proteins out of the bloodstream. With respect to the immune 

response, I show that LT differentially regulates the cytokine-induced expression of 

pro-inflammatory genes. For example, LT enhances TNF-induced expression of the 

adhesion molecule VCAM-1, but suppresses expression of numerous chemokines, 

including MCP-1. The underlying mechanisms for these contrasting actions involve 

modulation of pro-inflammatory transcription factor activation by LT. Specifically, LT 

is shown to enhance or prolong activation of IRF-1, NF-κB, and STAT1, while 
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significantly inhibiting activation of the AP-1 family. In addition, the prolonged NF-κB 

activation by LT is shown to involve enhanced activity of the upstream IκB kinase 

(IKK), which leads to delayed reaccumulation of NF-κB-inhibitory IκB proteins. 

Another novel finding in this thesis is that LT-induced endothelial barrier dysfunction 

occurs by two independent mechanisms. LT-induced morphological changes, including 

actin stress fiber formation and cell elongation, are shown to be dependent upon Rho 

kinase (ROCK) phosphorylation of myosin light chain. However, LT-induced barrier 

dysfunction is only partially ROCK-dependent. Characterizing a second mechanism, I 

show that LT-treated endothelial cells display decreased expression of the tight junction 

adhesion molecule claudin-5. This suppression involves inhibition of the kinase Akt, 

and subsequent increased activity of FoxO1, a claudin-5 transcriptional repressor. 

Together, the novel findings presented in this thesis provide a mechanistic basis for 

understanding the role of endothelial dysfunction in anthrax pathogenesis. 
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INTRODUCTION 

 

Anthrax background 

Bacillus anthracis, the etiological agent of anthrax, is a gram-positive spore-

forming bacterium. Anthrax can afflict a wide range of species, but occurs primarily in 

ruminants including cattle, sheep and goats. Though the life cycle of B. anthracis is not 

completely understood, it is thought to be an obligate pathogen with replication 

occurring only in permissible hosts. Spores are either ingested or inhaled during grazing 

and the spores germinate and bacteria subsequently replicate to very high numbers. 

Once the infection reaches the systemic stage, the animal soon succumbs to the 

infection. Following death, vegetative bacilli are shed into the environment and 

sporulation is induced producing a pool of infectious spores that are available to infect 

new hosts (1-3). Anthrax dogma has long held that spores, which may be stable for 

decades in soil, are the sole infectious agent. However, recent evidence suggests that B. 

anthracis is capable of forming biofilms in nature, thus enhancing bacterial survival 

outside the host, and suggesting this may be an alternative route of transmission (4,5).        

Human anthrax infections have traditionally occurred by eating infected meat or 

handling of infected animal skins (2). Human anthrax can occur via three routes of 

infection: cutaneous anthrax occurs when spores come in contact with abrasions on the 

skin, gastrointestinal when spores are ingested, and inhalational when spores are inhaled 

(3). Historically, human inhalational anthrax was a major problem only in industrial 

settings where animal skins are processed and spores can be aerosolized (6). The last 



 2

such industrial outbreak in the United States occurred in 1959 in New Hampshire, 

where four people died after working with hides from infected animals (7). In the last 

ten years, however, interest in inhalational anthrax has been renewed due to its use as a 

bioterrorism agent (8). In contrast to the relatively small scale of the 2001 bioterrorism 

attacks in the US, it has been estimated that a large-scale release of 1 kilogram of spores 

on a densely populated area of 11.5 million people could result in the infection of nearly 

1.5 million and death of over 120,000 (9).  

During inhalational anthrax, spores are deposited in the nasal tissue and lungs of 

the host (10). Spores are subsequently internalized by macrophages and dendritic cells 

by a specific interaction between the host integrin Mac-1 and the glycoprotein BclA 

expressed on the exosporium (11). In vitro studies with spores and phagocytes suggest 

that the outcome of the pathogen-phagocyte interaction is dose-dependent (12,13). In 

other words, if the spore dose is below a certain threshold, the phagocytes are able to 

control the infection through endogenous bactericidal activity. Though the exact 

mechanism is still unclear, if the infectious dose is above the threshold, spores survive 

the initial insult and are believed to germinate inside the phagocytes as they are 

transported from the lung or nasal tissue to local draining lymph nodes. Once in the 

lymph nodes, vegetative bacilli are released from infected phagocytes, multiply, and 

eventually gain access to the blood stream (14). The later stages of the disease are 

characterized by massive septicemia, with a bacterial load as high as 108 per milliliter of 

blood (3) and systemic pathology induced by bacterial virulence factors (14,15). 
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Anthrax virulence factors 

The virulence factors of B. anthracis are encoded on two plasmids: pXO2 which 

contains the genes for capsule synthesis, and pXO1 which encodes the anthrax toxin 

proteins (3). The capsule is thought to prevent complement-mediated killing, inhibit 

phagocytosis, and is required for dissemination in some animal models of anthrax 

(16,17). Anthrax toxin, in addition to being required for dissemination, is thought to 

mediate many of the pathologies associated with systemic anthrax as discussed below 

(10,18). Anthrax toxin is composed of three proteins that combine to form two distinct 

AB type toxins: lethal toxin and edema toxin. Protective antigen (PA) and lethal factor 

(LF) combine to form lethal toxin (LT) while PA and edema factor (EF) combine to 

form edema toxin (ET) (19). PA has been shown to bind to two unique cell surface 

anthrax toxin receptors, ANTXR1/TEM8 and ANTXR2/CMG2 (20). Though both 

receptors are ubiquitously expressed, it has recently been shown that the latter is the 

dominant toxin receptor in vivo due to 11-fold greater affinity of PA for ANTXR2 

compared to ANTXR1 (21). Once the PA-ANTXR complex is formed on the cell 

surface, PA is cleaved by cell surface furin-like proteases, inducing the formation of 

heptamers or octamers (19,22). The enzymatic toxin moieties, LF and EF, then bind at 

the interface between two cleaved, ANTXR-bound PA molecules (23). The toxin 

complex is then relocated to lipid rafts and is internalized via a clathrin-dependent 

manner. Upon endocytosis, acidification of the vesicle induces a conformational change 

in the PA molecules forming a pore in the vesicle wall through which LF and EF are 

translocated into the cytoplasm (24). LF is a zinc-dependent metalloprotease that targets 
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the MEK family of proteins, thus disrupting the ERK, JNK, and p38 MAPK signaling 

pathways. EF is a calcium/calmodulin-dependent adenylate cyclase which catalyzes the 

production of supraphysiologic amounts of cyclic AMP (cAMP), an important 

component of secondary messenger systems (18,19,25).  

The important role of toxins in anthrax pathogenesis was only recognized about 

fifty years ago. Indeed, throughout the late nineteenth and early twentieth centuries, the 

cause of death from anthrax was thought to be a direct result of terminal bacteremia 

leading to capillary thrombosis and depletion of oxygen and glucose (26). The validity 

of this hypothesis was called into question in the mid 1950’s when late stage anthrax-

infected guinea pigs were treated with high doses of streptomycin. In these animals, the 

bacterial infection was completely cleared within 6 h, but animals still died, suggesting 

the importance of then unidentified toxins (27). With similar reasoning, the low survival 

rate of patients even after aggressive antibiotic treatment is generally attributed to the 

actions of lethal and edema toxins (3,8). The relative importance of each toxin in 

anthrax pathogenesis is highlighted by the fact that strains lacking either PA or LF are 

avirulent in mice, while strains lacking EF are 10-fold less virulent (28). In addition to 

the plasmid-encoded major virulence factors, there are several determinants of virulence 

encoded on the genomic DNA. These include the cholesterol dependant cytolysin 

anthrolysin O (ALO) which has been shown to lyse a variety of cells in vitro (29,30). 

However, knockout of the ALO gene has no effect on anthrax virulence in mice, 

suggesting that its role in pathogenesis may be minimal (31).   
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Cytokine/inflammatory response associated with anthrax 

 The cytokine response during anthrax is still a controversial topic due in part to 

conflicting data on the effects of LT on cytokine release in vitro. A well publicized 

finding in the 1980’s was that LT induces apoptosis in some macrophage-like cell lines 

in as little as 2 h, suggesting an important role in anthrax pathology (32). In addition, an 

early 1990’s study by Hanna et al. showed that sublethal doses of LT induced the 

release of proinflammatory cytokines from macrophages (33). Together these findings 

led to the hypothesis that anthrax mortality was due to a storm of cytokines released 

from dying macrophages (34). This mechanism was indeed consistent with the septic 

shock-like death and pathologies observed in anthrax infection (3,35,36). However, the 

majority of recent data conflicts with this hypothesis and suggests that LT is actually a 

potent suppressor of cytokine production in vitro (37). Nevertheless, the ability of 

toxins to inhibit cytokine production in vivo is still controversial. Indeed, one group has 

shown that infection of mice with toxigenic B. anthracis has no effect on LPS-induced 

cytokine release (12), while another group has shown that mice infected with toxigenic 

B. anthracis have significantly reduced cytokine levels relative to mice infected with 

non-toxigenic B. anthracis (38). Regardless of this apparent contradiction, a cytokine 

response is indeed initiated during infection with toxigenic B. anthracis in multiple 

animal models. In a non-human primate model of anthrax, significant levels of systemic 

TNF, IL-1β, and IL-6 were detected in response to the toxigenic Sterne strain (39). In 

several mouse models, IL-1β, and IL-6 were induced, although TNF was not detected in 

serum or splenic lysates (12,38,40). However, a study by Loving et al. suggests that 
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systemic levels may not necessarily be an accurate measure of the total cytokine 

response. Indeed, mice challenged with the Sterne strain show sustained elevated levels 

of TNF in lungs, liver, and lymph nodes over a period of 3 days (41). Though the exact 

mechanism is not known, production of the cytokines is thought to involve TLR 

recognition through a MyD88-dependent pathway (42,43). In one study, B. anthracis 

was recognized by TLR2, a cell surface sensor of extracellular peptidoglycan capable of 

detecting most gram-positive organisms. However, the same study also showed that 

TLR2 knockout mice did not show increased susceptibility to anthrax while mice 

deficient for the promiscuous TLR signaling partner MyD88 did show increased 

susceptibility, suggesting there may also be other TLRs involved in detecting an anthrax 

infection (43). In addition, the intracellular pathogen sensors Nod1 and Nod2, which 

detect conserved bacterial motifs including peptidoglycan in a MyD88-independent 

manner, may be involved in recognition of anthrax infection. Indeed, a mixed collection 

of pulmonary phagocytes was shown to recognize vegetative B. anthracis and initiate 

production of the cytokines TNF, IL-1β, and IL-6 in a Nod1/Nod2-dependent fashion 

(44).  
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Vascular pathologies associated with anthrax and the role of LT in endothelial 

dysfunction 

Vascular dysfunction is a major pathologic event in many disease states such as 

sepsis, disseminated intravascular coagulation, and multiple organ failure (45-47). 

Vascular pathologies are a hallmark of systemic anthrax, and have long been thought to 

be among the factors contributing to death (48-50). During the bioterrorism attacks of 

2001, Guarner et al. described progressive and persistent pleural effusions as the major 

feature in inhalational anthrax patients (51), while hemorrhage, edema, and vasculitis 

were prominent in those suffering from the cutaneous form of the disease (52). 

Pathological findings from the inhalational anthrax outbreak in Sverdlovsk, Russia in 

1979 reported high pressure and low pressure hemorrhages and vasculitis (53). 

Autopsies from the New Hampshire industrial outbreak consistently showed edema, 

pleural effusion, and hemorrhages (7). Similar findings have been observed in anthrax-

infected wild chimpanzees and in rhesus and cynomolgus monkeys exposed to the fully 

virulent Ames strain (54-56). Together these findings suggest that the endothelium is an 

important pathological target during anthrax infection in a wide variety of hosts both in 

nature and in the laboratory. 

Recent evidence suggests that LT may play a causative role in these anthrax-

associated vascular pathologies. Indeed, mice and rats treated with purified LT showed 

vascular collapse with edema and pleural effusion (57,58). In a separate LT challenge 

murine model, pathological findings included reduced plasma proteins and platelet 

count, fibrin deposition, increased clotting time, and hemorrhage; all findings consistent 
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with vascular leakage (59). Further, LT was shown to increase vascular permeability in 

a zebrafish model. Importantly, these observations were seen in the absence of 

endothelial cell death, suggesting that LT may dysregulate endothelial junctions in vivo 

(60). This finding is consistent with recent studies in LT-treated mice showing altered 

endothelial junctions by electron microscopy, and increased leakage of intravenous 

fluorescent dyes in the lung (61,62). The hypothesis that endothelium is an important 

target of LT is also supported by the fact that endothelial cells express the highest 

amount of ANTXR molecules (63), and that serum toxin levels in infected humans and 

animals can reach sustained levels of 200-1000 ng/ml (64-66). Further strengthening the 

link between LT and endothelial-associated vascular pathologies, evidence from our lab 

has shown that LT has direct effects on the barrier function and inflammatory response 

of primary human endothelial cells in the absence of cell death (67,68).  

 

Role of the endothelium in the innate immune response 

In addition to its role in controlling the integrity of the vascular barrier, the 

endothelium plays an important role in the innate immune response by coordinating the 

recruitment of leukocytes to underlying infected tissue through the inducible expression 

of adhesion molecules and chemokines which can be triggered through direct 

recognition of the infection (e.g. through TLR activation) or by binding of cytokines to 

the endothelial surface (69-72). The current model for leukocyte transmigration (Figure 

Intro 1) involves an initial loose tethering event during which E-selectin and P-selectin 

molecules on the endothelium bind to sulfated sialyl Lewis x glycans on leukocytes  
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FIGURE Intro 1. Endothelium-leukocyte interactions. As described in the 
accompanying text, the endothelium plays an important role in coordinating 
transmigration of leukocytes through the inducible expression of adhesion 
molecules and chemokines. With the exception of ICAM-1, these molecules 
are generally not expressed on quiescent endothelium but are induced when the 
endothelium is activated (e.g. by the presence of cytokines such as TNF, IFNγ, 
or IL-1β). 
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(73). This loose interaction leads to “rolling” of leukocytes over the endothelium. Firm 

attachment is subsequently mediated by the interaction of the endothelial adhesion 

molecules VCAM-1, ICAM-1 and ICAM-2 with the leukocyte integrin molecules 

VLA-4, Mac-1, and LFA-1 (74,75). Following firm adhesion, leukocytes cross the 

vessel wall by passing between endothelial cells via interaction between JAM 

molecules on the endothelial cells with LFA-1 and Mac-1 on leukocytes (76). 

Endothelial-derived chemokines such as IL-8 (CXCL8), MCP-1 (CCL2), and RANTES 

(CCL5), which are immobilized on the endothelial surface, contribute to transmigration 

by interacting with chemokine receptors on the leukocyte. This binding induces 

conformational changes in leukocyte integrins and strengthens the interaction with the 

endothelium (77).  

Of relevance to leukocyte extravasation, we previously showed that LT alters 

the inflammatory responses of activated endothelium by increasing the expression of 

the adhesion molecule VCAM-1 (68). Since dysregulated expression of adhesion 

molecules is commonly linked to inflammatory disorders, this suggests a link between 

LT and the vasculitic pathology of anthrax (78-80). In addition, we and others have 

shown that LT inhibits the endothelial release of the chemokines RANTES and IL-8 

(68,81), suggesting a link between LT-mediated endothelial dysfunction and the faulty 

innate immune response observed in anthrax patients (15). 
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The endothelial barrier 

Maintaining barrier integrity is an extremely important homeostatic function of 

the endothelium (69,70). Alteration of endothelial barrier integrity is a common target 

among proteinaceous bacterial toxins (82-86). The endothelial barrier is composed of 

adherens junctions (AJs) and tight junctions (TJs) which regulate the passage of large 

proteins, and small proteins and ions, respectively (87). Integrity of the barrier is 

dependent upon the homophilic interaction of the extracellular portion of the 

transmembrane adhesion molecules VE-cadherin for AJs and claudin-5 for TJs. To 

provide additional barrier stability, the intracellular tails of both adhesion molecules are 

linked to the peripheral actin cytoskeleton through accessory proteins including beta 

catenin for AJs and ZO-1 for TJs (Figure Intro 2). The importance of these junctions is 

highlighted by the barrier dysfunction caused by conditions that suppress expression of 

AJ or TJ components including VE-cadherin and claudin-5 (88-92).  

Due to the dynamic and selective permeability of the endothelial barrier, there 

exist several intrinsic signaling pathways that can rapidly and reversibly modulate 

barrier function under conditions when controlled passage of proteins and leukocytes is 

beneficial. These pathways include Src-dependent tyrosine phosphorylation of AJ 

components and induction of myosin light chain (MLC) phosphorylation (p-MLC) 

which alters the actin cytoskeleton (93,94). However, these same mechanisms are often 

over-stimulated by infectious and/or inflammatory agents to induce pathological barrier 

dysfunction. For example, Src family kinases have been shown to mediate barrier 

dysfunction induced by a variety of agents, including TNF, vascular endothelial growth 
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factor (VEGF), reactive oxygen species, and the malaria causing parasite Plasmodium 

falciparum (95-98). In these cases, high Src activity induces hyperphosphorylation of 

AJ components ultimately leading to impaired interaction between VE-cadherin and 

beta catenin, reduced association with the actin cytoskeleton, and decreased cell-cell 

adhesion (Figure Intro 3) (99-101).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE Intro 2. Endothelial Junctions. As described in the accompanying 
text, the endothelial barrier is regulated primarily by AJs and TJs with VE-
cadherin and claudin-5 being the critical adhesion molecules, respectively. 
Under quiescent conditions, the actin cytoskeleton provides critical structural 
support to the endothelial barrier by localizing at the cell periphery. Both types 
of junctions are linked to the actin cytoskeleton through accessory proteins 
such as ZO-1 and beta catenin (β). 
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As mentioned above, p-MLC-dependent rearrangement of the cortical actin 

cytoskeleton can also induce endothelial barrier function (Figure Intro 4). In quiescent 

endothelium, the majority of filamentous actin is located at the cell periphery in close 

contact with the AJs, providing structural support. However, p-MLC in response to 

some barrier disrupting agents induces actin-myosin cross-linking. This causes 

rearrangement of the actin cytoskeleton from the barrier-protective cortical pattern into 

prominent stress fibers, leading to a contractile phenotype characterized by cellular 

elongation, physical disruption of cell junctions, and inter-endothelial gap formation 

(67,93,102). There are two kinases that have been shown to regulate p-MLC: MLC 

kinase (MLCK) and Rho kinase (ROCK). MLCK directly phosphorylates MLC 

(103,104). ROCK regulates MLC via direct phosphorylation and also through 

inactivation of myosin phosphatase 1 (MYPT1) (105,106).  

 

Thesis Specific Aims 

While it has been established that endothelium is an important target of LT in 

the anthrax-infected host, the molecular mechanisms responsible for the vascular 

pathologies remain relatively unknown. LT-mediated disruption of MAPK signaling 

pathways has been shown to be responsible for some of the effects of LT on 

endothelium, such as reduced expression of IL-8 and RANTES (68,81). However, the 

effect of LT on endothelial barrier function and VCAM-1 expression appears to occur 

independently of MAPK inhibition, suggesting LT alters other cell signaling and/or 

transcription regulatory pathways (67,68). The elucidation of these mechanisms is  
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FIGURE Intro 3. Src-induced barrier dysfunction. Src is a tyrosine kinase 
that localizes with the cytoplasmic tail of VE-cadherin. When activated, Src 
phosphorylates AJ components VE-cadherin and beta catenin. As described in 
the accompanying text, this phosphorylation leads to reduced association of 
VE-cadherin and beta catenin, dissociation of AJs from the actin cytoskeleton, 
and reduced endothelial cell-cell adhesion.  

FIGURE Intro 4. Cytoskeletal regulation of the endothelial barrier. 
Phosphorylation of MLC (p-MLC) regulates the morphology of the actin 
cytoskeleton. When p-MLC is present in low quantities, actin and myosin 
interaction is loose and actin is present in barrier-protective cortical bands. 
When p-MLC is enhanced, extensive cross-linking of actin and myosin cause 
the formation of barrier-destructive stress fibers. As described in the 
accompanying text, p-MLC is regulated by the kinases MLCK and ROCK.  
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critical for developing new treatments for alleviating the vascular pathologies of 

anthrax. This is especially vital given the fact that relatively few treatments have been 

developed that counteract or inhibit the pathophysiological consequences of anthrax 

toxin (107).  

In Specific Aims 1 and 2, I investigated the mechanisms underlying LT-induced 

alteration of the endothelial inflammatory response. Specific Aim 1 paid particular 

attention to the LT enhancement of VCAM-1 expression. In Specific Aim 2, I expanded 

upon this by investigating the effects of LT on the NF-κB pathway. In Specific Aim 3, I 

investigated the molecular mechanisms underlying LT-induced endothelial barrier 

dysfunction, with specific emphasis on the key Src and p-MLC pathways and the 

regulation of the structure of AJs and TJs. 
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SPECIFIC AIM 1: 

 

Anthrax Lethal Toxin Enhances TNF-Induced Endothelial VCAM-1 Expression via an 

IFN Regulatory Factor-1-Dependent Mechanism 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These findings were published in The Journal of Immunology on June 1, 2008: volume 
180, issue 11, pages 7516-7524. 
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RATIONALE AND HYPOTHESIS 

 

As detailed in the preceding Introduction and discussed further in the following 

chapter, vasculitis and defective host responses to infection have been linked to anthrax 

pathogenesis. As a potential mechanistic clue, previous work from our lab showed that 

LT enhances the tumor necrosis factor-α (TNF)-stimulated expression of VCAM-1, an 

endothelial surface adhesion molecule involved in the homing of leukocytes to infected 

tissue. Interestingly, this effect was independent of LT inhibition of MAPK signaling 

pathways (68). Moreover, LT did not enhance TNF-induced expression of two other 

adhesion molecules, ICAM-1 and E-selectin (unpublished data). In contrast to the LT-

mediated enhancement of VCAM-1, LT decreases the expression of two chemokines, 

RANTES and IL-8 via a mechanism that involved LT inhibition of MAPK signaling 

pathways (68,81).  

In light of these interesting contrasts, the mechanism(s) underlying the LT-

mediated differential expression of endothelial inflammatory markers warrants further 

consideration. Endothelial inflammatory mediators are typically not expressed in 

quiescent cells and thus must be transcribed de novo upon activation. Given this fact, I 

hypothesized that LT could alter activation of the transcription factors that regulate 

these genes. In this regard, my studies focused on analyzing the expression and 

activation of transcription factors that bind the promoters of genes encoding VCAM-1, 

which is enhanced by LT, and ICAM-1 and E-selectin, which are not enhanced by LT 

(Figure 1.1). One essential cytokine-inducible transcription factor that binds to the 
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VCAM1 promoter is IRF-1. Because IRF-1 does not bind to the ICAM1 or SELE 

promoters, I hypothesized that LT enhancement of TNF-induced IRF-1 activation could 

drive the specific enhancement of VCAM-1 expression.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SELE
c-Jun/ATF-2 NF-κB
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FIGURE 1.1. Differential regulation of endothelial adhesion molecules at 
the level of transcription factor binding. As described in the accompanying 
text, endothelial adhesion molecules are universally regulated by NF-κB (red). 
While AP-1 family transcription factors (purple) are important regulators of 
ICAM1 and SELE, they are insignificant for VCAM1. Importantly, IRF-1 (blue) 
regulates transcription of VCAM1, but not ICAM1 or SELE, suggesting that it 
may play an important role in LT enhancement of VCAM-1 expression.  
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ABSTRACT 

Impaired host defenses and vascular dysfunction are hallmarks of the late, antibiotic-

refractory stages of systemic anthrax infection. Anthrax lethal toxin (LT), a key 

virulence factor of Bacillus anthracis, was previously shown to enhance VCAM-1 

expression on primary human endothelial cells suggesting a causative link between 

dysregulated adhesion molecule expression and the poor immune response and 

vasculitis associated with anthrax. Here, we report that LT amplification of TNF-

induced VCAM-1 expression is driven transcriptionally by the cooperative activation of 

NF-κB and interferon regulatory factor-1 (IRF-1). LT enhancement of NF-κB 

phosphorylation and nuclear translocation correlated temporally with a delayed 

reaccumulation of IκBα, while increased induction of IRF-1 was linked to STAT1 

activation. LT failed to augment TNF-induced ICAM-1 or E-selectin expression, two 

adhesion molecules regulated by NF-κB, but not IRF-1. These results suggest that LT 

can differentially modulate NF-κB target genes and highlight the importance of IRF-1 

in VCAM-1 enhancement. Altering the activity of key transcription factors involved in 

host response to infection may be a critical mechanism by which LT contributes to 

anthrax pathogenesis. 
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INTRODUCTION 

Bacillus anthracis, a spore-forming gram-positive bacterium, is the causative 

agent of anthrax. An untreated systemic anthrax infection is usually fatal and mortality 

remains high even with aggressive antimicrobial therapy. This high mortality and 

morbidity is generally attributed to the actions of anthrax toxin, a key virulence factor 

of B. anthracis. The toxin consists of three proteins: protective antigen (PA), lethal 

factor (LF), and edema factor (EF). PA combines with LF to form lethal toxin (LT), 

while PA and EF form edema toxin (ET) (18,19). PA translocates LF and EF into cells 

by receptor-mediated endocytosis involving at least two identified cell surface anthrax 

toxin receptors, ANTXR1 and ANTXR2 (20). LF is a protease that shuts down MAPK 

signaling by cleaving all of the upstream MEKs except MEK5 (108,109). EF acts as a 

calcium/calmodulin-dependent adenylate cyclase that causes a dramatic increase in 

intracellular levels of cAMP (18,19,110). Accumulating evidence indicates that anthrax 

toxin disrupts innate and adaptive immune responses; however, the mechanisms are not 

well defined (15,109). 

Vascular endothelium plays a critical role in innate and adaptive immune 

responses to infection. Many of the pathological features of anthrax such as vascular 

leakage, hemorrhage, vasculitis, and the poorly coordinated immune response implicate 

a disruption of vascular function and integrity during infection (15,51,53). Several of 

these vascular pathologies are reproduced in LT-challenged animals suggesting a 

possible direct interaction of LT with the endothelial lining (15,57-59,67,68). Consistent 

with this idea, vascular endothelium expresses the highest levels of anthrax toxin 
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receptors (63). Moreover, endothelial exposure to serum levels of LF and PA during 

systemic infection can exceed 200 and 1000 ng/ml, respectively, based on animal and 

human data (64-66). Our laboratory previously reported that LT induces human 

endothelial barrier dysfunction consistent with the vascular permeability changes 

accompanying systemic anthrax infection (67). We also reported that LT enhances 

TNF-induced VCAM-1 expression which correlated with the increased adhesion of 

primary human monocytes to the endothelial monolayer (68). Similar enhancement of 

VCAM-1 has been noted with IL-1β and LPS stimulation (unpublished observations). 

VCAM-1 plays a central role in directing leukocytes to underlying infected tissue. 

However, abnormal or dysregulated VCAM-1 activation is linked to vasculitis and 

inflammatory disorders (78-80). Vasculitis and defective host responses to infection 

have been linked to anthrax pathogenesis (52,53,68). 

Herein, we examine the effects of LT on the transcriptional regulation of the 

VCAM1 gene which contains binding sites in its promoter region for NF-κB, interferon 

regulatory factor-1 (IRF-1), Sp1, GATA-2, and AP-1 (111-114). We show for the first 

time that LT enhances cytokine-induced activation of NF-κB and IRF-1, and identified 

them as key factors in the LT-mediated enhancement of TNF-induced VCAM-1 

expression. Dysregulated activation of NF-κB and IRF-1 has been linked to many 

diseases and inflammatory disorders (115-118). These findings provide new 

mechanistic insight into how LT may alter immune and vascular function and contribute 

to the poor host response to anthrax infection. 
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MATERIALS AND METHODS 

 

Reagents 

Phosphate-buffered saline (PBS), Hank’s balanced salt solution with calcium 

and magnesium (HBSS+), and Tris were obtained from Invitrogen (Carlsbad, CA). LF, 

PA, and mutant LFE687C were kindly provided by Dr. Stephen H. Leppla (National 

Institutes of Health, Bethesda, MD) (119,120). Toxin proteins were diluted in sterile 

PBS before cell treatment. All other reagents were purchased from Sigma Chemical Co. 

(St. Louis, MO). 

 

Antibodies 

Mouse IgG1 monoclonal antibodies to VCAM-1, ICAM-1, and E-selectin were 

purchased from BD Biosciences (San Diego, CA). Rabbit polyclonal antibodies specific 

for IκBα, NF-κB (p65), p38, JNK, ERK, and the phosphorylated forms of p65 (pS536), 

p38 (pT180/Y182), JNK (pT183/Y185), and ERK (pT202/Y204) were purchased from 

Cell Signaling Technology (Danvers, MA). Mouse monoclonal antibodies specific for 

phosphorylated STAT1 (pY701) and the total form of STAT1α were obtained from 

Invitrogen. All other rabbit IgG polyclonal antibodies were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA).  
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Endothelial cell culture and treatment 

Primary human coronary artery endothelial cells were obtained from Cambrex 

(Walkersville, MD) and cultured as described previously (67). Briefly, cells were grown 

in phenol red-free MCDB 131 medium (Hyclone, Logan, UT) supplemented with 10 

mM L-alanyl-L-glutamine, human epidermal growth factor, hydrocortisone, gentamicin, 

amphotericin-B, vascular endothelial growth factor, human fetal growth factor-B, 

recombinant growth factor-1 (R3-IGF-1), ascorbic acid, and 5% fetal bovine serum 

(Cambrex). Cells were cultured in 100-mm dishes at 37°C in a humidified atmosphere 

of 95% air and 5% CO2. Cells were passaged 1:3 when cultures reached 90 to 95% 

confluence. For harvesting, cells were washed with HEPES-buffered saline and 

incubated with 0.025% trypsin/0.01% EDTA for 7 minutes at 37°C. After cell 

detachment, trypsin-neutralizing agent was added, and cells were centrifuged at 220 x g 

for 5 minutes at 4°C. Experimental data were obtained from cells in their third to 

seventh passages. Cells were treated with 0.2 ng/ml TNFα and/or 100 ng/ml LF, 500 

ng/ml PA alone or in combination. For LF concentration-dependent studies, LF (1, 10, 

100 ng/ml) were combined with a constant PA concentration (500 ng/ml). For mutant 

LT, cells were treated with 100 ng/ml LFE687C and 500 ng/ml PA. 

 

Cell surface ELISA 

Cells were grown to confluence in 24-well dishes. After treatment, the 

monolayers were washed once with HBSS+ supplemented with 0.1% BSA and then 

fixed with 1% paraformaldehyde in HBSS+ for 20 minutes. After two washes with 
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0.1% BSA, the cells were incubated for 1 hour with primary monoclonal antibody 

(1:500) specific for VCAM-1, ICAM-1, or E-selectin. The cells were then washed three 

times with 0.1% BSA and incubated for 1 hour with a peroxidase-conjugated secondary 

antibody (1:10,000 dilution). The monolayers were then rinsed four times with 0.1% 

BSA. For detection, equal parts of the substrate reagents hydrogen peroxide and 3,3',5,5' 

tetramethylbenzidine were added to each well. After color development, 1 N HCl was 

added to stop the reaction. Absorbance was measured at 450 nm using a microplate 

reader.  

 

Immunofluorescence microscopy 

Cells were seeded on round glass coverslips, grown to confluence in 24-well 

dishes, and treated with combinations of TNF, LF, and PA. After treatment, the 

monolayers were washed once with HBSS+ supplemented with 0.1% BSA and then 

fixed with 3.2% paraformaldehyde (Electron Microscopy Sciences, Ft. Washington, PA) 

for 10 minutes. The cells were then washed twice with 0.1% BSA and permeabilized 

with 0.1% Triton X-100 for 5 minutes. For analysis of extracellular VCAM-1, cells 

were not permeabilized. After two washes with 0.1% BSA, the cells were incubated for 

1 hour with a primary antibody. The cells were then washed twice with 0.1% BSA and 

subsequently incubated for 1 hour with an Alexa Fluor 555-labeled secondary antibody 

(1:800). All incubations were done at room temperature. After staining, the cells were 

washed three times with 0.1% BSA. Photomicrographs were obtained using an Olympus 

IX71 inverted microscope (Olympus America, Melville, NY) equipped with an 
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Olympus DP70 digital camera connected to a Pentium 4 computer. Excitation light from 

the mercury arc lamp was passed through a filter set (Chroma Technology Corp., 

Brattleboro, VT). Standardized microscope and software settings were applied during 

image capture and post processing.  

 

Real-time PCR 

RNA was collected using the RNeasy Mini Kit (Qiagen, Valencia, CA) and 

converted to cDNA using the TaqMan reverse transcription kit according to the 

manufacturer’s protocol. Gene expression was analyzed using TaqMan Fast Universal 

2x PCR Master Mix (No AmpErase UNG) and TaqMan gene expression assays for 

GAPDH (Hs99999905_m1), ICAM1 (Hs00164932_m1), IRF1 (Hs00233698_m1), 

SELE (Hs00174057_m1), and VCAM1 (Hs00174239_m1) (Applied Biosystems, Foster 

City, CA). Reactions were performed in triplicate and run on the Applied Biosystems 

7900HT real-time PCR system. Fold gene expression was calculated using the 2-∆∆C
T 

method using GAPDH as the reference gene (121). 

 

RNA stability  

Cells were incubated with 0.2 μg/ml actinomycin D after a 12 h treatment with 

TNF alone or in combination with LT. RNA was collected just prior to actinomycin D 

addition and at 30, 60, 90, and 120 minutes thereafter. Real-time PCR was used to 

analyze mRNA content as described above. Data were normalized to GAPDH mRNA, 

and presented relative to the expression level at the initial time point. 
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Preparation of whole cell, nuclear and cytoplasmic extracts 

Cells were lysed in ice-cold RIPA buffer (50 mM Tris, 150 mM NaCl, 1% 

IgePal-630, 0.5% Deoxycholate, 1 mM EDTA) containing protease inhibitor cocktail 

(Calbiochem, San Diego, CA), and the phosphatase inhibitors NaF (1 mM) and sodium 

orthovanadate (1 mM). Following centrifugation, whole cell supernatants were 

collected and stored at -80°C. Cytoplasmic and nuclear fractions were isolated using 

hypotonic buffer and high salt buffer as previously described (122). Briefly, cells were 

lysed and scraped in ice-cold hypotonic buffer (10 mM HEPES, 10 mM KCl, 0.1 mM 

EDTA, 0.4% IgePal 630) containing protease inhibitor cocktail, 1 mM NaF, and 1 mM 

sodium orthovanadate. Nuclei, which are not lysed in hypotonic buffer, were pelleted 

by centrifuging lysates in Eppendorf tubes for 3 min at 4°C. The supernatant was 

collected as the cytoplasmic fraction. Pelleted nuclei were resuspended and lysed in 

high salt buffer (20 mM HEPES, 0.4M NaCl, 1 mM EDTA, 10% glycerol) containing 

protease inhibitor cocktail, 1 mM NaF, and 1 mM sodium orthovanadate. Solution was 

homogenized by vortexing and then centrifuged to pellet debris. The supernatant was 

collected as the nuclear fraction and protein concentrations were quantitated using the 

BCA (Pierce) or Quant-IT protein assays (Invitrogen, Carlsbad, CA).  

 

Western blotting 

Reduced samples (4-6 μg) were run on NuPAGE 4-12% gradient Bis-Tris gels 

in MOPS SDS running buffer. Proteins were transferred to PVDF membranes and 
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blocked for 1 h in Tris-buffered saline containing 0.1% Tween-20 (TBS-T) with 5% 

nonfat dry milk or 5% BSA for phospho-specific antibodies. Membranes were then 

incubated in TBS-T containing 1% BSA with specific primary antibody followed, after 

three washes (TBS-T), by HRP-conjugated secondary antibody. Signal was detected on 

HyperECL film with the ECL Plus chemiluminescence kit (GE Healthcare, Piscataway, 

NJ). For phosphorylated proteins, blots were stripped and reprobed for total protein. 

Otherwise, blots were stripped and reprobed for loading controls using tubulin for 

whole cell and cytoplasmic extracts or lamin A/C for nuclear extracts. Densitometry 

analysis was performed using Image J software (National Institutes of Health, Bethesda, 

MD) and normalized to lamin A/C content. 

 

Electrophoretic mobility shift assay (EMSA) 

Nuclear extracts were prepared as described above. Unlabeled and 5’ 

biotinylated oligonucleotides were synthesized as follows to match the transcription 

factor binding sites for each gene (FDA Core Facility, Bethesda, MD): VCAM1 NF-κB 

binding motif (κB) (5’-TGCCCTGGGTTTCCCCTTGAAGGGATTTCCCTCCGCC-

3’), VCAM1 IRF-1 response element (IRE) (5’-GCACAGACTTTCTATTTCACTCC-

3’), ICAM1 κB (5’-CTTTAGCTTGGAAATTCCGGAGCTGA-3’), and SELE κB site 3 

(5’-AGGCCATTGGGGATTTCCTCTTTACTGG-3’). Transcription factor binding 

sites are underlined for each probe. EMSAs were performed with the Lightshift 

Chemiluminescent EMSA kit (Pierce Biotechnology, Rockford, IL) according to 

manufacturer’s instructions except for IRF-1 which used a different binding buffer 
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described previously (123). For supershift reactions, lysates were pre-incubated with 2 

μg specific antibody for 10 minutes prior to addition of labeled probe.  

 

 

 

Statistical analysis 

Data are represented as means ± SE for replicate experiments. Statistical 

analysis was performed by ANOVA with post-hoc Student’s t-test using the JMP (v. 

5.1) software (SAS Institute Inc, Cary, NC). For real-time PCR experiments, the ∆CT 

value (Threshold cycle of reference gene – threshold cycle of experimental gene) was 

used for statistical analysis. p < 0.05 was considered statistically significant. 
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RESULTS 

 

LT enhances TNF-induced VCAM-1 mRNA and protein expression 

To determine the effect of LT on VCAM-1 expression, primary human coronary 

artery endothelial cells were treated with LT alone or in combination with TNF and 

analyzed by cell surface ELISA and immunofluorescence. LT alone did not increase 

VCAM-1 expression at early time points and the apparent increase in VCAM-1 at 24 

and 36 h did not reach statistical significance (Figure 1.2A). TNF induced significant 

VCAM-1 by 4 h which peaked between 8-12 h and declined by 24 and 36 h. Consistent 

with our previous findings in human lung endothelial cultures (68), LT enhanced TNF-

induced VCAM-1 expression by > 10% at 8 h, > 30% at 12 h and > 85% at 24 and 36 h. 

Importantly, the disappearance rate of surface-bound VCAM-1 from TNF-treated and 

LT-cotreated cells was similar between 12-36 h suggesting that enhanced VCAM-1 is 

not mediated by LT inhibition of surface shedding. LT enhancement was LF 

concentration-dependent in the presence of 500 ng/ml PA, and treatment with the 

individual toxin components, LF or PA, did not augment VCAM-1 (Figure 1.2B). 

Immunofluorescence analysis showed that TNF induced strong VCAM-1 expression on 

a subpopulation of the cells at 24 h, while cotreatment with LT produced a more intense 

and uniform expression (Figure 1.2C). 

To determine the mechanism underlying VCAM-1 enhancement, we first 

analyzed VCAM1 gene transcription by real-time PCR. LT alone significantly increased 

VCAM1 mRNA at 12 h (5-fold versus control) (Figure 1.3B), but not at 6 or 24 h (data  
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FIGURE 1.2A-B. LT enhances TNF-induced VCAM-1 expression. A, cells 
treated with medium alone, or medium containing LT (100 ng/ml LF + 500 
ng/ml PA), 0.2 ng/ml TNF, or both were analyzed at various time points by 
VCAM-1 cell surface ELISA as described in Materials and Methods. Means ± 
SE for a minimum of three separate experiments are shown. B, cells treated for 
24 h as indicated were analyzed by VCAM-1 cell surface ELISA. Values are 
reported as means ± SE for five separate experiments. **, p < 0.05 versus TNF. 
ABS, absorbance. 
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FIGURE 1.2C. LT enhances TNF-induced VCAM-1 expression. C, cells 
were grown on glass coverslips, treated as described in 1A, and analyzed for 
VCAM-1 immunofluorescence after 24 h as described in Materials and 
Methods. Representative images are shown.  
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not shown). TNF markedly increased VCAM1 transcript levels by 6 h (> 200-fold versus 

control) which declined by 12 and 24 h (Figure 1.3A). Cotreatment with LT 

significantly enhanced VCAM1 transcript at 12 h (> 2.5-fold versus TNF alone), but not 

at 6 or 24 h. LF or PA, or the combination of PA with an inactive LF mutant (LFE687C) 

had no effect on VCAM1 transcription (Figure 1.3B). LT enhancement of VCAM1 

transcription was LF concentration-dependent in both nonstimulated and TNF-

stimulated cells (Figure 1.3B). RNA stability experiments with actinomycin D showed 

that VCAM1 mRNA is similarly stable in TNF-treated and LT-cotreated cells (Figure 

1.3C). Taken together, these results suggest that LT enhances VCAM-1 expression via a 

mechanism that augments VCAM1 gene transcription.  

 

LT increases TNF-induced NF-κB activation and nuclear translocation 

We next examined the transcriptional regulation of the VCAM1 gene by 

analyzing the activation of NF-κB as indicated by phosphorylation of the p65 subunit 

and nuclear localization (124). LT alone did not induce phosphorylation of p65 NF-κB 

(Figure 1.4A). TNF-treated and LT-cotreated cells showed a similar degree of p65 

phosphorylation at 10 min (data not shown). However, p65 phosphorylation was greater 

in LT-cotreated cells compared to TNF alone at 6 and 12 h (Figure 1.4A). Figure 1.4B 

shows that LT alone had no detectable effect on nuclear translocation of p65 NF-κB. 

TNF increased nuclear translocation of NF-κB at 6 and 12 h, while cotreatment with LT 

significantly augmented NF-κB translocation at both time points (Figure 1.4B). By  
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FIGURE 1.3. LT enhances TNF-induced VCAM1 gene transcription. A, 
cells were treated with medium alone, or medium containing LT, TNF, or both 
as described in Materials and Methods. RNA was collected and analyzed for 
VCAM1 transcript by real-time PCR. Means ± SE for a minimum of three 
separate experiments are shown. B, cells were treated as indicated for 12 h. 
RNA was analyzed for VCAM1 transcript by real-time PCR. Means ± SE for a 
minimum of three separate experiments are shown. C, cells were treated with 
TNF with or without LT. Stability of VCAM1 mRNA was analyzed as 
described in Materials and Methods. Means ± SE for three separate 
experiments are shown. *, p < 0.05 versus medium; **, p < 0.05 versus TNF. 
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18 h, there was no detectable difference between nuclear NF-κB of TNF-treated and 

LT-cotreated cells (data not shown). Immunofluorescence analysis corroborated the 

enhanced nuclear expression of p65 NF-κB in LT-cotreated cells compared to TNF 

alone (Figure 1.4C). EMSA analysis of nuclear extracts showed increased binding of a 

single NF-κB complex to the VCAM1 promoter in TNF-treated cells, and marked 

enhancement of the NF-κB complex in LT-cotreated cells at 12 h (Figure 1.4D). 

Consistent with previous reports that TNF induces specific binding of the p50/p65 

heterodimer to the VCAM1 promoter (114,125), the single band in the cotreated cells 

was supershifted by a p50 antibody while a p65 antibody reduced band intensity. This 

suggests that LT specifically enhances binding of p50/p65 to the VCAM1 promoter. 

We also analyzed the expression of IκBα, a NF-κB regulated protein that 

functions in a negative feedback loop to control the intensity and duration of NF-κB 

activation. Upon inflammatory stimulation, IκBα is rapidly degraded allowing NF-κB 

to translocate to the nucleus. As IκBα reaccumulates in the cell, NF-κB is gradually 

excluded from the nucleus. LT alone had no effect on IκBα levels at 6, 12, or 24 h. 

IκBα was completely degraded 10 minutes after treatment with TNF alone or in 

combination with LT (Figure 1.4E). In TNF-treated cells, IκBα was partially restored 

by 6 h and almost completely restored by 12 h. However, in LT-cotreated cells, IκBα 

levels were lower compared to TNF alone at 6 and 12 h implying a close temporal 

correlation between delayed IκBα reaccumulation and the enhancement of NF-κB. By 

24 h, TNF-treated and LT-cotreated cells both expressed near basal levels of IκBα.  
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FIGURE 1.4D-E. LT enhances NF-κB activation and nuclear translocation. 
D, NF-κB-binding activity was determined by EMSA after 12 h treatment as 
described in Materials and Methods. Antibodies used for supershift assays are 
indicated below the specific lane by p50 or p65. Three sets of binding reactions 
were performed. Arrowhead indicates level of the band supershifted by 
antibody to p50. E, whole cell lysates were immunoblotted for IκBα. Two 
blots were analyzed. 

FIGURE 1.4A-C (previous page). LT enhances NF-κB activation and 
nuclear translocation. A, cells were treated with medium alone, or medium 
containing LT, TNF, or both as described in Materials and Methods. Whole 
cell lysates were immunoblotted for pS536 p65 NF-κB. Blots were stripped 
and reprobed for total p65 NF-κB. Three blots were analyzed. B, cytoplasmic 
and nuclear extracts were immunoblotted for p65 NF-κB. At least three blots 
were performed for each time point. Densitometry for nuclear p65 was 
normalized to lamin A/C content and presented as arbitrary units relative to 6 h 
LT-cotreated cells. C, cells were grown on glass coverslips, treated for 12 h, 
and analyzed by p65 NF-κB immunofluorescence. Representative images are 
shown. c, cytoplasmic; n, nuclear. **, p < 0.05 versus TNF.
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Taken together, these data suggest that LT-cotreatment enhances nuclear translocation 

and activity of NF-κB.   

 

LT enhances TNF-induced IRF-1 expression 

IRF-1 is an inducible transcription factor required for maximal stimulation of 

the VCAM1 gene (114). To determine whether IRF-1 participates in LT-mediated 

VCAM-1 enhancement, we examined the nuclear expression of IRF-1. Figure 1.5A 

shows that LT alone induced a detectable increase in IRF-1 expression at 6 and 12 h, 

while increased IRF-1 expression in TNF-treated cells was markedly augmented by LT-

cotreatment. Immunofluorescence analysis corroborated the enhanced nuclear 

expression of IRF-1 in LT-cotreated cells compared to TNF alone (Figure 1.5B). EMSA 

analysis of nuclear extracts showed marked enhancement of IRF-1 binding to the 

VCAM1 promoter in LT-cotreated cells at 12 h (Figure 1.5C). The IRF-1 band 

disappeared when the binding reactions were preincubated with an IRF-1 antibody. 

Consistent with these data, LT alone produced a detectable increase in IRF1 mRNA at 

12 h (p = 0.053) (Figure 1.6A and B). TNF stimulated significant increases in IRF1 

transcript at 6 and 12 h that declined to near basal levels by 24 h. Notably, cotreatment 

with LT significantly enhanced IRF1 expression at 6 and 12 h (1.5 - 2-fold versus TNF) 

in a LF concentration-dependent manner (Figure 1.6A and B). LF or PA, or the inactive 

LT mutant in the presence or absence of TNF did not affect IRF1 expression (Figure 

1.6B). RNA stability experiments showed that IRF1 mRNA is similarly stable in TNF-

treated and LT-cotreated cells (Figure 1.6C). These results reveal a close temporal and  
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FIGURE 1.6A-B. LT enhances IRF1 transcription. A, cells were treated with 
medium alone, or medium containing LT, TNF, or both as described in 
Materials and Methods. RNA was analyzed for IRF1 transcript by real-time 
PCR. Means ± SE for a minimum of three separate experiments are shown. B, 
cells were treated for 12 h as indicated. RNA was analyzed for IRF1 transcript. 
Means ± SE for a minimum of three separate experiments are shown. **, p < 
0.05 versus TNF. 

FIGURE 1.5 (previous page). LT enhances IRF-1 nuclear expression. A, 
cells were treated with medium alone, or medium containing LT, TNF, or both 
as described in Materials and Methods. Nuclear extracts were immunoblotted 
for IRF-1. At least three blots were performed for each time point. B, cells 
grown on glass coverslips were treated for 12 h and analyzed for IRF-1 
immunofluorescence. Representative images are shown. C, IRF-1-binding 
activity was determined by EMSA after 12 h treatment. IRF-1 antibody used 
for supershift assays is indicated below the specific lane. Three sets of binding 
reactions were performed. NS, Nonspecific binding. 
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concentration-dependent correlation between the LT-mediated upregulation of IRF-1 

and the enhancement of VCAM-1. 

To further investigate the mechanism underlying the upregulation of IRF1, we 

examined the transcriptional regulation of the IRF-1 promoter which contains binding 

sites for NF-κB and STAT1 (126). Having already established that LT enhances NF-κB 

activation, we considered the possible involvement of STAT1 in IRF-1 induction. 

Western blot analysis of whole cell lysates showed that LT alone did not induce 

phosphorylation of STAT1 (pY701) (Figure 1.6D). TNF induced detectable STAT1 

phosphorylation at 6 and 12 h, while cotreatment with LT markedly augmented STAT1 

activation. Importantly, activated STAT1 was preferentially localized to the nucleus 

(data not shown). These data support a role for STAT1 in the LT-mediated IRF-1 

enhancement.  

 

LT does not enhance nuclear localization of Sp1, AP-1, or GATA-2 

To determine whether other VCAM1-regulating transcription factors contribute 

to LT-induced VCAM-1 enhancement, we analyzed the nuclear expression of Sp1, 

GATA-2, and AP-1 by Western blot (111-113). LT or TNF alone or in combination did 

not alter the expression of Sp1 (Figure 1.7A). LT slightly reduced GATA-2 expression 

in non-stimulated cells at 12 h, and suppressed GATA-2 expression in TNF-treated cells 

at 6 and 12 h. LT had no effect on the expression of c-Fos, a component of AP-1, in 

non-stimulated cells and did not alter TNF-induced c-Fos expression at 12 h. Notably, 

LT markedly suppressed nuclear c-Jun, the other component of AP-1, in non-stimulated  
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FIGURE 1.6C-D. LT enhances IRF1 transcription and STAT1 activation. 
C, cells were treated with TNF with or without LT and stability of IRF-1 
mRNA was analyzed. Means ± SE for three separate experiments are shown. 
D, whole cell lysates were immunoblotted for pY701 STAT1. Blots were 
stripped and reprobed for total STAT1α. Three blots were performed.  

FIGURE 1.7 (next page). LT does not enhance nuclear expression of Sp1, 
GATA-2, or AP-1. A, cells were treated with medium alone, or medium 
containing LT, TNF, or both as described in Materials and Methods. Nuclear 
extracts were immunoblotted for Sp1, c-Jun, c-Fos, and GATA-2. At least 
three blots were performed for each time point. B, whole cell lysates were 
immunoblotted for the phosphorylated (activated) forms of JNK1/2, ERK1/2, 
and p38. Blots were stripped and reprobed for total JNK1/2, ERK1/2, and p38. 
A minimum of three blots were analyzed. NS, Nonspecific band. 
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and TNF-stimulated cells. We reasoned that LT suppression of c-Jun is likely caused by 

LT inhibition of JNK, which has previously been shown to stabilize c-Jun protein via 

phosphorylation (127). In support of this hypothesis, LT inhibited basal and TNF-

induced activation of JNK (Figure 1.7B). Figure 1.7B also shows that LT shuts down 

ERK and p38, key activators of among others, the transcription factors c-Fos and ATF-

2, respectively (128). Overall, the lack of a LT-mediated increase in Sp1, GATA-2, and 

AP-1 imply that these factors do not play a major role in VCAM-1 enhancement by LT.  

 

LT does not enhance TNF-induced ICAM-1 or E-selectin expression 

To distinguish between the roles of NF-κB and IRF-1 in VCAM-1 enhancement 

and to assess whether LT modulates the expression of other adhesion molecules, we 

examined the effect of LT on ICAM-1 and E-selectin, two key endothelial adhesion 

molecules that are regulated by NF-κB, but not IRF-1. LT alone produced minor 

increases in ICAM1 transcription at 12 h and protein at 24 h that did not reach statistical 

significance (Figure 1.8A and B). TNF-induced ICAM1 transcription and protein 

expression were not significantly enhanced by LT-cotreatment. For E-selectin, TNF 

induced significant SELE transcription at 6 h which declined substantially by 12 h and 

reached basal levels by 24 h. In marked contrast to VCAM-1, LT suppressed TNF-

induced SELE transcription at each time point by > 65% and reduced TNF-induced E-

selectin protein expression at 6 h (Figure 1.8C and D).  

To determine whether gene-specific differences in NF-κB-promoter interactions 

played a role in the lack of a LT-mediated increase of TNF-induced ICAM-1 and  
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FIGURE 1.8A-D. LT does not enhance expression of ICAM-1 or E-
selectin. Cells were treated with medium alone, or medium containing LT, 
TNF, or both as described in Materials and Methods. RNA was analyzed for 
(A) ICAM1 and (C) SELE transcript by real-time PCR. Means ± SE for a 
minimum of three separate experiments are shown. Cells were fixed at 24 or 6 
h and analyzed by cell surface ELISA for expression of ICAM-1 (B) or E-
selectin (D), respectively. Means ± SE for a minimum of three separate 
experiments are shown. **, p < 0.05 versus TNF. ABS, absorbance. 
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E-selectin expression, we analyzed NF-κB binding to the ICAM1 and SELE promoter 

sites. The ICAM1 promoter, which differs from the consensus p50/p65 binding 

consensus sequence, binds two separate NF-κB complexes (129,130). The upper 

complex was detectable in control lysates and appeared enhanced by LT alone at 12 h 

(Figure 1.8E). In TNF-treated cells, the upper complex was enhanced and the lower 

complex was induced. Interestingly, the lower complex was enhanced by LT-

cotreatment, while the upper complex was slightly decreased. The p50 antibody 

completely supershifted the lower band, while the upper band was still detectable. The 

p65 antibody disrupted the lower band completely and nearly completely disrupted the 

upper band (Figure 1.8E). These data indicate that the lower complex was likely the 

p50/p65 heterodimer while the upper complex may consist of either a p65 homodimer 

or a p65/c-Rel heterodimer as previously reported (129,130). With the SELE promoter, 

LT enhanced TNF-induced NF-κB binding activity at 6 h (Figure 1.8F). The band was 

supershifted by the p50 antibody and disappeared in the presence of the p65 antibody. 

These data indicate that, similar to the VCAM1 promoter, LT increases binding of the 

NF-κB p50/p65 heterodimer to ICAM1 and SELE promoters. These findings suggest 

that the inability of LT to augment TNF-induced ICAM-1 and E-selectin expression, 

despite increased NF-κB activity, may be driven by the inhibitory effect of LT on other 

ICAM1 or SELE-regulating transcription factors. Indeed, as shown earlier, LT down-

regulates c-Jun (Figure 1.7A), a critical component of AP-1 and c-Jun/ATF-2, which 

are necessary for the expression of ICAM-1 and E-selectin, respectively (131,132). 
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FIGURE 1.8E-F. LT enhances binding of NF-κB to ICAM-1 and E-selectin 
promoter sites. Cells were treated with medium alone, or medium containing 
LT, TNF, or both as described in Materials and Methods. NF-κB-binding 
activity to the ICAM1 (E) and SELE (F) promoters was determined by EMSA 
after 12 and 6 h, respectively. Antibodies used for supershift assays are 
indicated below the specific lane by p50 or p65. Two sets of binding reactions 
were performed. Arrowhead indicates level of the band supershifted by 
antibody to p50. Dotted line in E indicates that the sections were taken from 
two separate blots run using the same samples and experimental conditions.  
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DISCUSSION 

 

Many pathogenic bacteria produce toxins that amplify or suppress the host 

immune response by altering cell signaling or transcriptional responses. Evidence to 

date suggests that LT disrupts innate and adaptive immune responses during anthrax 

infection, in part, by down regulating cytokine production through cleavage of MEK 

proteins and subsequent suppression of MAPK signaling (15,18,19,109). This has 

generally promoted the idea that LT functions as a suppressor of inflammatory gene 

expression. However, this interpretation may need to be extended in light of our present 

findings that LT enhances proinflammatory activation of the VCAM1 gene. We found 

that the combination of LT and TNF leads to cooperative activation of NF-κB and 

STAT1, promoting the increased expression of IRF-1, which in conjunction with NF-

κB increases VCAM1 gene expression. To our knowledge, this is the first report that 

documents LT-mediated activation of NF-κB, STAT1 and IRF-1, three major regulators 

of innate and adaptive immune gene expression.  

NF-κB is essential for the transcription of VCAM1, while IRF-1 is necessary for 

maximal induction of this gene (114). Previous studies have implicated the co-

activation of NF-κB and IRF-1 in the synergistic expression of VCAM-1, CD40, IFN-β, 

MHC class I, and inducible nitric oxide synthase (iNOS) (123,133-136). For some of 

these genes, including VCAM1 and the iNOS encoding gene NOS2A, the mechanism for 

increased promoter activity appears to involve a physical interaction between IRF-1 and 

NF-κB (114,133,134,136). Interestingly, iNOS was recently shown to be up-regulated 
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in baboons exposed to B. anthracis spores supporting the hypothesis that these 

interactions may be relevant in vivo (39). 

Dysregulated adhesion molecule expression is a feature of vasculitis and can 

lead to abnormal recruitment of leukocytes to the endothelium and disruption of host 

responses to infection (78-80). To our knowledge, the expression of endothelial 

adhesion molecules during an anthrax infection has not been investigated. However, 

vasculitis has been reported in clinical cases and experimental models of anthrax 

(52,53,56). Intense perivascular infiltrates and vasculitis were noted in cutaneous 

anthrax patients of the 2001 bioterrorism attack (52). Grinberg et al. identified vasculitis 

in the victims of the Sverdlovsk inhalational anthrax outbreak and hypothesized that 

vasculitis may contribute to the extensive hemorrhage that is a hallmark of disseminated 

anthrax infections (53). Our present findings may provide insight on the possible role of 

LT in the vasculitic pathology of anthrax. 

Our data show that LT enhanced the nuclear expression of IRF-1 which 

correlated with increased binding of this factor to its VCAM1 promoter site. Consistent 

with IRF-1 being a prerequisite for LT enhancement of VCAM-1, we found that 1) 

upregulation of IRF-1 by LT-cotreatment at 6 h preceded significant enhancement of 

VCAM1 transcription observed at 12 h, 2) the magnitude of increased IRF-1 synthesis 

correlated with the level of enhancement of VCAM-1, and 3) TNF-induced E-selectin 

and ICAM-1 expression, two molecules regulated by NF-κB, but not IRF-1, were not 

augmented by LT. We attributed the enhanced induction of IRF1 to the increased 

activation of NF-κB and STAT1 which regulate the IRF1 promoter via a κB and a 
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composite GAS/κB binding site (126). Our finding that TNF alone or in combination 

with LT induced STAT1 phosphorylation was surprising given that STAT1 is typically 

activated by JAKs upon binding of IFN family molecules to cell surface receptors 

(137). However, some studies have reported that STAT1 phosphorylation can be 

induced by TNF within 5-15 minutes by direct interaction of TNF receptor-1 and Jak2, 

or alternatively after several hours by a mechanism involving autocrine stimulation of 

IFN receptors by increased production of endogenous IFN-ε or IFN-β (138-140). The 

latter mechanism may explain the minor TNF-mediated activation of STAT1 in our 

system given that STAT1 phosphorylation was observed at 6 and 12 h (Figure 1.6D), 

but not after 10 minutes (data not shown). At both of the later time points, LT markedly 

increased STAT1 phosphorylation, but whether this enhancement is due to 

amplification of the same pathway activated by TNF or via a separate mechanism is not 

yet known. 

Despite the increased activation and binding of NF-κB to SELE and ICAM1 

promoters, we did not observe an increase in SELE or ICAM1 transcription suggesting 

that inhibition of other transcription factors may account for the differential regulation 

of these genes. In accordance, we found that LT downregulates the expression of c-Jun, 

a key component of both AP-1 and c-Jun/ATF-2 transcription factors, which play 

essential roles in the maximal expression of ICAM-1 and E-selectin (131,132). Though 

the VCAM1 promoter also contains an AP-1 binding site, it is not required for efficient 

VCAM-1 expression (111,125). We attributed the downregulation of c-Jun to the LT-

mediated inactivation of JNK signaling, which plays a central role in stabilizing c-Jun 
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(127). These findings suggest that the differential effect of LT on inflammatory gene 

expression may depend on the specific set of transcription factors that regulate a 

particular gene and the resulting balance between the activation and inhibition of these 

factors. 

The MAPK signaling pathways play an essential role in the induction of many 

genes involved in inflammation via their involvement in: 1) direct activation of 

transcription factors (128), and 2) regulating mRNA stability of intrinsically unstable 

inducible genes which possess sensitive AU-rich elements (AREs) in the 3’ untranslated 

regions of their mRNA (141). In this regard, LT inhibition of MAPK signaling was 

previously implicated in the destabilization of IL-8 mRNA and reduction in endothelial 

IL-8 production (81). In contrast to those findings, LT did not alter the stability of the 

ARE-containing VCAM1 and IRF1 transcripts in our system. However, these 

differences may not be completely surprising given the varied regulation of ARE-

containing transcripts (141,142). In regard to the significant debate about whether the 

MAPK activation is required for VCAM-1 induction (68,131,143-146), we provide 

clear evidence that LT enhanced TNF-induced VCAM-1 despite complete suppression 

of functional MAPK signaling. In a previous study, we showed that MAPK inhibitors 

did not replicate the effect of LT on TNF-induced VCAM-1 expression (68). Together, 

these observations suggest that functional MAPK signaling is not required for VCAM-1 

enhancement. 

The present findings are important in the context of B. anthracis infections 

given that spore or bacterial challenge studies in non-human primates and rodents have 
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shown increased induction of proinflammatory cytokines including TNF, IL-1β, and IL-

6 (12,39-41). However, it should be noted that intravascular injections of purified LT 

are lethal in certain murine and rat strains via processes that are independent of 

proinflammatory cytokine production suggesting that LT itself can trigger some of the 

pathologies of anthrax (57,58). The present study provides evidence that LT alone can 

increase VCAM1 transcription albeit on a much lower scale and with delayed kinetics 

compared to TNF, suggesting that LT can impact transcriptional pathways independent 

of TNF. Along these lines, we previously reported that LT alone induces endothelial 

barrier dysfunction (67), and recently found this effect can be significantly accelerated 

in the presence of proinflammatory cytokines (unpublished data). The present study did 

not identify any new LT cleavage target that could account for the series of molecular 

events described. To date, the only known substrates of LF are the members of the 

MEK family (MEK1-7, except MEK5). It is conceivable that the LT-induced events 

described in this study are caused by disruption of MEK functions that are unrelated to 

the downstream activation of MAPKs. However, our previous findings would argue 

against a direct role for MEK1 or MEK2 in these events given that a specific MEK1/2 

inhibitor, U0126, was unable to reproduce VCAM-1 enhancement (68).    

In conclusion, LT-mediated enhancement of TNF-induced VCAM-1 is 

transcriptionally driven by the increased activation of NF-κB and IRF-1. These findings 

underscore the importance of understanding the actions of LT beyond its effects on 

downstream MAPK signaling and also highlight the need to investigate the longer term 

effects of LT on gene transcription and cell physiology. To date, most transcriptional 
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and proteomic studies related to LT have focused on early response genes (i.e. 0.5-3 h) 

(147-149). A more complete understanding of both the early and delayed effects of LT 

will help explain the impaired immune responses and vascular pathologies observed 

during anthrax infection and possibly lead to more effective treatment strategies.  
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SPECIFIC AIM 2: 

 

Anthrax Lethal Toxin Enhances IκB Kinase Activation and Differentially Regulates 

Pro-Inflammatory Genes in Human Endothelium 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These findings were published in The Journal of Biological Chemistry on September 
18, 2009: volume 284, issue 38, pages 25761-25771. 
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RATIONALE AND HYPOTHESES 
 

In Specific Aim 1, I showed that LT enhances TNF-induced activation of NF-

κB as evidenced by increased NF-κB nuclear expression and enhanced NF-κB-DNA 

binding by gel shift assay in LT-cotreated cells compared to TNF-treated cells. Because 

of the important role of NF-κB in regulating endothelial inflammatory genes, it is 

important to understand the mechanisms underlying this enhancement. In light of the 

fact that LT-cotreatment also reduced accumulation of the NF-κB inhibitory protein 

IκBα, I hypothesized  that LT may be enhancing activation of IKK, the kinase complex 

responsible for phosphorylating and triggering the degradation of the IκB proteins 

(Figure 2.1) (150).  

In Specific Aim 1, I also provided evidence that LT differentially regulates pro-

inflammatory gene expression. Specifically we quantified transcription and protein 

expression of the adhesion molecules ICAM-1 and E-selectin. Intriguingly, we showed 

that in spite of enhanced NF-κB activity, LT does not alter TNF-induced expression of 

ICAM-1, while transcription and expression of E-selectin is dramatically reduced. 

These data suggest that LT may negatively regulate the activity of other pro-

inflammatory transcription factors. Since AP-1 family transcription factors play 

essential roles in the maximal expression of ICAM-1 and E-selectin (Figure 1.1) 

(131,132), I tested the hypothesis that LT inhibits activation of AP-1. This would be 

consistent with evidence presented in Specific Aim 1 that LT inhibits expression of the 

AP-1 component c-Jun.  
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FIGURE 2.1. NF-κB signaling pathway. The IKK complex is activated in 
response to a variety of stimuli (e.g. TNF activation of endothelial cells) as a 
triggering event in the NF-κB response. Once activated, the IKK complex 
phosphorylates IκB proteins, targeting them for ubiquitination and subsequent 
degradation by the proteasome (165). As described in greater detail in the 
following text, this results in nuclear import of NF-κB and subsequent 
transcription of NF-κB responsive genes such as VCAM1. 
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ABSTRACT 

 

Anthrax lethal toxin (LT) was previously shown to enhance transcriptional activity of 

NF-κB in tumor necrosis factor-α (TNF)-activated primary human endothelial cells. 

Here, we show that this LT-mediated increase in NF-κB activation is associated with 

the enhanced degradation of the inhibitory proteins IκBα and IκBβ, but not IκBε. 

Moreover, this was accompanied by enhanced activation of the IκB kinase complex 

(IKK), which is responsible for targeting IκB proteins for degradation. Importantly, LT 

enhancement of IκBα degradation was completely blocked by a selective IKKβ 

inhibitor, while IκBβ degradation was attenuated, suggesting a mechanistic link. 

Consistent with the above data, LT-cotreated cells showed elevated phosphorylation of 

two IKK substrates, IκBα and p65, both of which were blocked by incubation with the 

IKKβ inhibitor. Consistent with NF-κB activation, LT increased transcription of the 

NF-κB regulated gene CD40. Conversely, LT inhibited transcription of another NF-κB 

regulated gene, CCL2. This inhibition was linked to the LT-mediated suppression of 

another CCL2-regulating transcription factor, activator protein-1 (AP-1). These data 

suggest that LT-mediated enhancement of NF-κB is IKK-dependent but, importantly, 

the net effect of LT on the transcription of proinflammatory genes is driven by the 

cumulative effect of LT on the particular set of transcription factors that regulate a 

given promoter. Together, these findings provide new mechanistic insight on how LT 

may disrupt the host response to anthrax. 
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INTRODUCTION 

 

Anthrax is a disease caused by the gram-positive spore-forming bacterium 

Bacillus anthracis. Many of the symptoms of systemic anthrax can be attributed to the 

action of anthrax toxin, which is made up of three secreted proteins, protective antigen 

(PA) and lethal factor (LF), which combine to form lethal toxin (LT), and edema factor 

(EF) which combines with PA to form edema toxin (18,19). PA binds to the cell surface 

receptors ANTXR1 and ANTXR2, leading to endocytosis of the enzymatic moieties EF 

and LF (20). Once in the cytosol, EF is a calcium/calmodulin-dependent adenylate 

cyclase, causing accumulation of the secondary signaling molecule cAMP (110). LF is a 

zinc metalloprotease that cleaves proteins of the MEK family, disrupting mitogen-

activated protein kinase (MAPK) signaling (108,109).  

The high mortality resulting from systemic anthrax infection is generally 

associated with profound vascular pathologies, including vascular leakage, edema, 

hemorrhage, vasculitis, and a poor immune response (15,51,53). Importantly, many of 

these symptoms are also observed in animals treated with purified LT (57-60,151). In 

addition, toxin receptor expression appears to be enriched on the endothelium (63). 

These findings have supported the idea that LT may directly target the endothelium 

during systemic anthrax infection, when serum levels of LF and PA can exceed 200 and 

1000 ng/ml respectively (15,64-66,152,153).  

Data from our laboratory further support the hypothesis that vascular 

endothelium is an important target of LT. We previously reported that LT induces 
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endothelial barrier dysfunction consistent with vascular leakage associated with anthrax 

(67). In addition, we showed that LT enhances vascular cell adhesion molecule-1 

(VCAM-1) expression and monocyte adhesion on the surface of tumor necrosis factor-α 

(TNF) activated primary human endothelial cells, suggesting a possible link between 

LT and the vasculitis associated with anthrax (52,53,68). The enhanced expression of 

VCAM-1 was found to be transcriptionally driven by the cooperative activation of the 

VCAM1-regulating transcription factors, interferon regulatory factor-1 (IRF-1) and NF-

κB (154). Specifically, LT enhanced nuclear translocation of IRF-1 and NF-κB which 

correlated with increased DNA-binding of both transcription factors by electromobility 

shift assay. Considering the critical role of NF-κB in regulating the endothelial 

inflammatory response, we investigated the mechanisms underlying the enhancement of 

this pathway by LT. 

In the present study, we show that LT enhancement of NF-κB correlates 

temporally with the delayed reaccumulation of the inhibitory molecules IκBα and IκBβ. 

We also provide evidence that LT enhances activation and phosphorylation of the IκB 

kinase (IKK) complex which is responsible for initiating and maintaining NF-κB 

activity via phosphorylation of the IκB proteins and the p65 subunit of NF-κB 

(150,155,156). In addition to these findings, we tested our previously reported postulate 

that LT may differentially regulate NF-κB genes in a promoter-dependent manner 

(154). We show that LT enhances transcription and expression of the surface receptor 

CD40, but significantly decreases the expression of monocyte chemotactic protein-1 
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(MCP-1). The inhibitory effect on this latter gene is driven by LT-mediated inhibition 

of activator protein-1 (AP-1) activity. Together, these findings provide new mechanistic 

insight into how LT may alter immune and vascular function and contribute to the poor 

host response to anthrax infection. 
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MATERIALS AND METHODS 

 

Reagents 

Phosphate-buffered saline (PBS), Hank’s balanced salt solution with calcium 

and magnesium (HBSS+), and Tris were obtained from Invitrogen (Carlsbad, CA). LF 

and PA were kindly provided by Dr. Stephen H. Leppla (National Institutes of Health, 

Bethesda, MD) (119,120). Toxin proteins were diluted in sterile PBS before cell 

treatment. The proteasome inhibitor MG-132 was purchased from Calbiochem (San 

Diego, CA). All other reagents were purchased from Sigma Chemical (St. Louis, MO) 

unless noted. 

 

Antibodies 

Rabbit polyclonal antibodies specific for IκBα, NF-κB (p65), and rabbit 

monoclonal antibodies specific for IKKβ and the phosphorylated forms of IκBα (pS32), 

p65 (pS536), and IKKα/β (recognizes pS176/180 of IKKα and pS177/181 of IKKβ) 

were purchased from Cell Signaling Technology (Danvers, MA). Mouse IgG2a 

monoclonal antibody specific for CD40, mouse IgG2b monoclonal antibody specific for 

IκBβ, and rabbit IgG polyclonal antibodies specific for MEKK2, IKKα, IκBβ, IκBε, 

actin and tubulin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).  
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Endothelial cell culture and treatment 

Primary human coronary artery endothelial cells were obtained from Cambrex 

(Walkersville, MD) and cultured as described above. Cells were treated with medium 

alone (untreated cells), 0.2 ng/ml TNFα and/or 100 ng/ml LF and 500 ng/ml PA (LT). 

Consistent with our previous findings, these treatment conditions did not produce any 

significant changes in monolayer density or cell viability over the course of 24 h (68). 

 

Preparation of whole cell, cytoplasmic, and nuclear extracts 

Extraction protocols were described in depth above. Protein concentrations were 

quantitated using the BCA method (Pierce, Rockford, IL).  

 

Western blotting 

Reduced samples (3 – 6 μg) were run on NuPAGE 4-12% Bis-Tris gradient gels 

in MOPS SDS running buffer. Proteins were transferred to PVDF membranes and 

detected as described above. Densitometry analysis was performed using Image J 

software (National Institutes of Health, Bethesda, MD). 

 

Immunofluorescence microscopy 

Cells were grown to confluence in 24-well dishes. Immunofluorescence analysis 

using a mouse monoclonal antibody specific for IκBβ and an Alexa Fluor 555-labeled 

secondary antibody (Molecular Probes, Eugene, OR) was performed as described 

above. Hoechst 33342 (5 µg/ml) was added to visualize the nuclei. 
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IKK activity assay 

IKK activity in cytoplasmic extracts was analyzed by the ability to 

phosphorylate exogenous IκBα as described previously (157,158). Briefly, 0.5 μg GST-

labeled full-length recombinant IκBα (Millipore, Billerica, MA) was conjugated to 40 

μl 50% Glutathione Sepharose 4B slurry (GE Healthcare, Piscataway, NJ) by shaking 

for 30 minutes. The beads were washed with PBS and incubated with 40 μg of 

cytoplasmic extracts for 2 h at room temperature. The beads were then washed with 

RIPA buffer, resuspended in 2x electrophoresis sample buffer (Santa Cruz), and 

analyzed by Western blot as described above. To confirm the role of IKK, some assays 

were run using TPCA-1, a selective IKKβ inhibitor (159). 

 

Quantitation of IκBα phosphorylation 

ELISA kits for human IκBα and p-IκBα (pS32) were purchased from Invitrogen 

and performed according to manufacturer’s instructions using 3.5 – 6 μg whole cell 

lysates per sample. Samples were analyzed in duplicate and standards were run with 

each kit to determine the concentrations of p-IκBα (units/ml) and total IκBα (ng/ml) in 

each sample. Phosphorylated IκBα was presented as units/mg of protein. Additionally, 

the relative phosphorylation of IκBα was calculated as units of p-IκBα divided by 

nanograms of total IκBα. 
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Serine/threonine phosphatase quantitation 

Serine/Threonine phosphatase activity was measured using the RediPlate 

EnzCheck Serine/Threonine phosphatase assay kit purchased from Invitrogen. Briefly, 

whole cell lysates were collected in a modified RIPA buffer without EDTA, NaF, or 

sodium orthovanadate. Lysates (4 μg) were analyzed in duplicate and incubated 

according to the manufacturer’s instructions with a combination of tyrosine phosphatase 

inhibitors and the phosphatase substrate DiFMUP, which is converted to a fluorescent 

compound when dephosphorylated by cellular serine/threonine phosphatases. The assay 

was run for 30 minutes and the fluorescence was measured on a microplate reader with 

a 360 nm excitation filter and a 465 nm emission filter. 

 

Proteasome activity quantitation 

Chymotrypsin-like proteasome activity was measured using the Proteasome-Glo 

cell-based assay purchased from Promega (Madison, WI). The assay was run according 

to the manufacturer’s instructions. Briefly, cells were grown in white wall 96-well 

dishes. Reagent was then added directly to the medium which contained cell lysis 

buffer, the peptide substrate Suc-LLVY-aminoluciferin, and luciferase. Cellular 

proteasomes cleaved the peptide resulting in a luminescent signal proportional to the 

amount of proteasome activity in the cells. Luminescence was measured using a 

microplate reader. 
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Real-time PCR 

RNA extraction and gene expression procedures were described above. Fold 

gene expression relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 

calculated using the 2-∆∆CT method (121). 

 

Cell surface ELISA 

Performed as described above. A primary monoclonal antibody specific for 

CD40 (1:100) was used for detection. Background values due to detection reagent only 

were subtracted from the raw data to obtain the final values. 

 

MCP-1 ELISA 

Culture supernatants were collected from cells treated as described above and 

stored at -80 °C. Supernatants were centrifuged to remove debris and diluted (1:100) 

prior to use. ELISA kit for quantitation of human MCP-1 was purchased from BD 

Biosciences and performed according to manufacturer’s instructions. Each sample was 

analyzed in duplicate. 

 

AP-1 DNA binding quantitation 

Cells were treated, and extracts were obtained as described above. Binding 

activity was determined using the AP-1 (c-Jun) TransAM kit purchased from Active 

Motif. Samples were run in duplicate with 1 μg nuclear extracts. Briefly, active AP-1 

was captured by oligonucleotides containing the consensus binding motif immobilized 
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on a 96-well dish. Bound AP-1 in each sample was then detected using an antibody 

specific for the phosphorylated form of c-Jun, followed by an HRP-conjugated 

secondary antibody. After addition of detection reagent, the reaction was stopped and 

absorbance was read at 450 nm.    

 

Statistical analysis 

Data are represented as means ± SE for replicate experiments. Statistical 

analysis was performed by ANOVA with post-hoc Student’s t-test using the JMP (v. 

5.1) software (SAS Institute Inc, Cary, NC). p < 0.05 was considered statistically 

significant. 
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RESULTS 

 

LT augments degradation of IκBα and IκBβ, but not IκBε.  

We previously showed that LT inhibits the reaccumulation of IκBα in TNF-

treated primary human coronary artery endothelial cells at 6 and 12 h and postulated 

that this contributed to the enhanced NF-κB nuclear translocation and DNA-binding 

observed in cells treated with LT and TNF (LT-cotreated cells). (154). To better 

understand how LT regulates NF-κB activity, we investigated the effect of LT on IκBα, 

IκBβ, and IκBε at a range of early and late time points. Together these three IκB 

isoforms regulate the intensity, duration, and the biphasic oscillatory pattern of NF-κB 

activity during prolonged stimulation (160-162). Of the three proteins, IκBα is 

degraded the quickest, thus regulating the early phase of NF-κB activity (i.e. < 1 h). In 

cells treated with TNF for 10 min, IκBα is completely degraded (Figure 2.2A). Between 

10 min – 2 h, IκBα gradually reaccumulates to approximately half of basal levels, and 

the expression remains relatively constant throughout the 24 h time course of the 

experiment. LT alone had no effect of IκBα expression at any time point. With LT-

cotreated cells, IκBα levels are equivalent to TNF-treated cells at 10 min and 1 h. 

However, at 2 and 6 h, IκBα expression is significantly reduced by approximately 2-

fold in LT-cotreated cells compared to TNF alone. At 12 h, IκBα was also consistently 

reduced by nearly 2-fold in LT-cotreated cells compared to TNF alone, but this was not 

statistically significant due to variable expression in TNF-treated cells relative to 



 67

untreated cells. By 24 h, there was no difference in IκBα expression in the LT-cotreated 

cells. 

Compared to IκBα, IκBβ is characterized by slower rates of degradation and 

reaccumulation. Because of this, IκBβ has been reported to regulate the late phase of 

NF-κB activity in endothelial cells (162). In cells treated with TNF for 10 min, IκBβ 

expression was about 60% of basal levels (Figure 2.2B). Degradation was complete by 

1 h, and reaccumulation began at 6 h, with a slow increase to about 70% by 24 h. In LT-

cotreated cells, there was no difference in IκBβ expression at 10 min, 1 h, or 2 h 

compared to TNF-treated cells. However, at the late time points, IκBβ expression was 

significantly reduced, with reaccumulation almost completely blocked until a slight 

increase between 12 – 24 h. In contrast to IκBα, treatment with LT alone produced 

significant degradation of IκBβ. The degradation was delayed compared to TNF with 

significant reduction at 12 and 24 h, where expression was about 55% and 40% relative 

to untreated cells. Reduced IκBβ expression in cells treated with LT alone and in LT-

cotreated cells was also observed by immunofluorescence (Figure 2.2D). 

Degradation of IκBε occurs with similar kinetics as IκBβ, while reaccumulation 

tends to be intermediate between IκBα and IκBβ. In cells treated with TNF for 10 min, 

IκBε expression was about 60% of basal levels (Figure 2.2C). Degradation was 

maximal by 1 h, and reaccumulation began at 2 h, with a linear increase to basal levels 

by 24 h. In LT-cotreated cells, there was no significant difference in IκBε expression at 

any time point compared to TNF alone.  
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FIGURE 2.2A-B. LT enhances degradation of IκBα and IκBβ. Cells were 
treated with medium alone or medium containing LT (100 ng/ml LF + 500 
ng/ml PA), 0.2 ng/ml TNF, or both. Whole cell lysates were analyzed by 
Western blot for expression of IκBα (A), and IκBβ (B) as described in 
Materials and Methods. At least four blots were performed for each protein at 
each time point, and representative blots are shown. Graphs represent Western 
blot densitometry (n ≥ 4) for medium (diamond, solid line), LT (square, 
dashed line), TNF (triangle, solid line), and LT + TNF (×, dashed line). Data 
were normalized relative to cells treated with medium alone and presented as 
means ± SE. M, medium; L, LT; T, TNF; L + T, LT + TNF. **, p < 0.01 versus 
medium; ††, p < 0.01 versus TNF; †, p < 0.05 versus TNF.  
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 FIGURE 2.2C-D. LT enhances degradation of IκBβ but not IκBε. Cells 

were treated with medium alone or medium containing LT (100 ng/ml LF + 
500 ng/ml PA), 0.2 ng/ml TNF, or both. Whole cell lysates were analyzed by 
Western blot for expression of IκBε (C) as described in Materials and 
Methods. At least four blots were performed at each time point, and a 
representative blot is shown. Graph represents Western blot densitometry (n ≥ 
4) for medium (diamond, solid line), LT (square, dashed line), TNF (triangle, 
solid line), and LT + TNF (×, dashed line). Data were normalized relative to 
cells treated with medium alone and presented as means ± SE. D, IκBβ 
immunofluorescence at 24 h. Representative images are shown. M, medium; L, 
LT; T, TNF; L + T, LT + TNF.  
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LT enhances transcription of NFKBIA and causes minor perturbations in NFKBIB 

transcription.  

To examine whether the effects of LT on IκBα and IκBβ could be explained by 

reduced transcription of the IκBα and IκBβ-encoding genes NFKBIA and NFKBIB, we 

analyzed mRNA expression by real-time PCR. As shown in Figure 2.3A, NFKBIA 

transcription was induced in TNF-treated cells at 6 and 12 h, and only slightly elevated 

at 24 h. Cotreatment with LT significantly enhanced transcription compared to TNF 

alone at 6 and 12 h suggesting the delayed reaccumulation of IκBα in LT-cotreated 

cells is not caused by inhibition of NFKBIA transcription. Compared to NFKBIA, 

transcription of the IκBβ-encoding gene NFKBIB was minimally induced in TNF-

treated cells (Figure 2.3B).  LT-treated and LT-cotreated cells showed approximately 20 

– 30% reduction in NFKBIB mRNA compared to untreated or TNF-treated cells at 12 h. 

In addition, we analyzed mRNA stability using actinomycin D as previously described 

(154) and found no differences in the stability of NFKBIA or NFKBIB mRNA between 

TNF-treated and LT-cotreated cells (data not shown). These data suggest that LT-

dependent reduction in NFKBIB transcription may contribute to the reduced IκBβ 

protein expression, whereas the enhanced degradation of IκBα in LT-cotreated cells 

likely involves a post-transcriptional mechanism. 
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FIGURE 2.3. LT enhances transcription of NFKBIA and causes minor 
perturbations in NFKBIB transcription. RNA was collected and analyzed 
for NFKBIA (A) and NFKBIB (B) transcript relative to GAPDH by real-time 
PCR. Means ± SE for a minimum of three separate experiments are shown. ††, 
p < 0.01 versus TNF; †, p < 0.05 versus TNF.  

B 
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LT enhances and/or prolongs TNF-induced IKK activation.  

To further examine the mechanism underlying the reduced rate of IκBα and 

IκBβ reaccumulation, we analyzed the effect of LT on IKK activity using a GST-

IκBα assay. Figure 2.4A shows that TNF induced maximal IKK activity at 10 minutes 

that was blocked when extracts were pre-incubated with the IKKβ inhibitor TPCA-1. At 

6 h, IKK activity was detectable in TNF-treated cells and significantly enhanced by LT-

cotreatment. LT alone produced a small but consistent increase in IKK activity that 

did not reach statistical significance. At 12 h, LT induced a 40% increase in IKK 

activity compared to untreated cells (data not shown, n = 4, p = 0.023). LT-cotreatment 

appeared minimally enhanced but was not statistically significant at 12 h. When extracts 

were pre-incubated with TPCA-1, no activity was observed in TNF- or LT-treated or 

LT-cotreated cells suggesting LT enhancement is dependent upon IKKβ activity (Figure 

2.4A).  Since phosphorylation of IKK (p-IKK) is a prerequisite for its activity, we 

examined p-IKKα (S176/180)/p-IKKβ (S177/181) by Western blot. IKK 

phosphorylation was generally minimal under control conditions and no significant 

differences were detected with LT alone (Figure 2.4B). TNF induced intense p-IKK 

after 10 min that decreased substantially by 2 h. No differences were noted between 

TNF-treated and LT-cotreated cells at 10 min or 2 h. At 6 h, p-IKK was still detectable 

in TNF-treated cells, and phosphorylation was significantly enhanced in LT-cotreated 

cells.  At 12 h, there was no detectable phosphorylation in TNF-treated cells, but 

phosphorylation was still evident with LT-cotreatment. By 24 h, there was no detectable 

IKK phosphorylation with any treatment. Analysis of the p-IKK Western blots by 
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densitometry suggests that LT-cotreatment enhances phosphorylation of IKK by nearly 

2.5-fold at 6 and 12 h (Figure 2.4B), with no enhancement at 10 min (data not shown), 2 

h, or 24 h. These data suggest that LT enhances and/or prolongs IKK activation and 

phosphorylation in TNF-stimulated cells.  

With regards to the mechanism of IKK enhancement, we also tested whether LT 

enhances p-IKK in response to another pro-inflammatory cytokine IL-1β. As shown in 

Figure 2.4C, LT did in fact enhance IKK phosphorylation in cells cotreated with IL-1β 

for 3 h. This suggests that the mechanism of IKK enhancement likely occurs 

downstream of cytokine receptor activation and shares a common link between the TNF 

receptor and IL-1 receptor pathways. 

A number of kinases have been suggested to trigger IKK phosphorylation in 

response to TNF and IL-1β, including MEKK2 and MEKK3. Of these, MEKK3 has 

been linked to the initial burst of IKK activity (i.e. < 1 h), while MEKK2 associates 

with IKK during the late phase (163,164). Since LT appears to selectively enhance the 

late phase, we analyzed whether LT alters MEKK2 expression. MEKK2 

was generally expressed at low levels in untreated cells and cells treated with LT or 

TNF alone, whereas LT-cotreated cells strongly expressed MEKK2 at 6 h (Figure 

2.4D). Enhanced MEKK2 expression was also occasionally observed in LT-cotreated 

cells at 12 and 24 h.  
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LT has no effect on Serine-Threonine phosphatase activity, proteasome activity, or 

IκBα synthesis in the presence of TPCA-1.  

In Figure 2.2, LT was shown to enhance degradation of IκBα and IκBβ. To 

strengthen our argument that this is due to the enhanced IKK activity in LT-cotreated 

cells, we examined whether our observations were due to a generalized reduction in 

serine-threonine phosphatase activity. As shown in Figure 2.5A, LT alone or in 

cotreatment with TNF had no effect on serine-threonine phosphatase activity at 2, 6, or 

12 h. As a positive control, NaF treatment decreased phosphatase activity by 80%. This 

supports the idea that LT enhancement of IKK phosphorylation and activity is not due 

to a general inhibition of cellular phosphatase activity.  

Alternatively, the altered degradation and reaccumulation of IκB proteins could 

be caused by LT enhancement of proteasome activity or inhibition of translational 

machinery. As shown in Figure 2.5B, LT alone or in cotreatment with TNF had no 

effect on chymotrypsin-like proteasome activity. As a negative control, activity was 

completely ablated in the presence of the proteasome inhibitor MG-132. We also 

analyzed whether LT delay of IκBα reaccumulation was due to inhibition of 

translational machinery or decreased protein stability independent of IKKβ. In this 

experiment, cells were treated with LT and TNF to initiate IκBα degradation and 

NFKBIA transcription. After 90 minutes, TPCA-1 was added to inhibit further IKKβ 

activity. Lysates from untreated, TNF-treated or LT-cotreated cells were then analyzed 

for IκBα expression to see how quickly the protein would return to basal levels. As  
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FIGURE 2.4 (previous page). LT-cotreatment enhances TNF-induced IKK 
activity and phosphorylation and MEKK2 expression. A, IKK activity 
assay was performed as described in Materials and Methods. Where indicated, 
lysates were incubated for 30 min with TPCA-1 (3 µM) prior to assay. Graph 
represents Western blot densitometry for three sets of 6 h samples. B, whole 
cell lysates were analyzed by Western blot for p-IKKα/β and total IKKα levels. 
At least three blots were performed. Blots are shown for a representative set of 
10 min and 2 h samples grouped on one gel and the 6, 12, and 24 h samples 
grouped on a second gel. Graphs represent Western blot densitometry (n ≥ 3). 
Data were normalized relative to cells treated with medium alone and 
presented as means ± SE. C, Cells were treated for the indicated number of minutes 
with 0.5 ng/ml IL-1β with or without LT. Whole cell lysates were analyzed by 
Western blot for p-IKKα/β and total IKKβ levels. D, Whole cell lysates were 
analyzed by Western blot for expression of MEKK2. A representative blot of 
four blots is shown. NC, negative control for IKK activity assay (no cell 
lysates); M, medium; L, LT; T, TNF; L + T, LT + TNF. ††, p < 0.01 versus 
TNF; †, p < 0.05 versus TNF.  

FIGURE 2.5 (next page). LT does not alter serine-threonine phosphatase 
activity, proteasome activity, or IκBα synthesis in the presence of TPCA-1. 
Cells were treated with medium alone or medium containing LT, TNF, or both. 
A, whole cell lysates were collected using RIPA buffer containing no 
phosphatase inhibitors. Phosphatase activity was quantified as described in 
Materials and Methods. As a negative control, cells treated with medium alone 
were analyzed in the presence of 50 mM NaF, a pan-serine-threonine 
phosphatase inhibitor. Data are presented as picomoles of 6,8-difluoro-7-
hydroxy-4-methylcoumarin (DiFMU) per μg of protein. Means ± SE for three 
separate experiments are shown. B, cellular chymotrypsin-like proteasome 
activity was measured as described in Materials and Methods. Data are 
presented as relative luciferase units (RLU). As a negative control, cells were 
treated with the proteasome inhibitor MG-132 (MG, 10 μM) for 30 min. Means 
± SE for four separate experiments are shown. C, cells were treated for 90 min 
with medium alone, or with TNF, or LT + TNF. Cells were then treated with 
TPCA-1 (3 µM) to inhibit further IκBα degradation. IκBα accumulation was 
analyzed by Western blot of whole cell lysates. Representative blot is shown. 
Graph represents Western blot densitometry (n = 3). **, p < 0.01 versus 
medium. 
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shown in Figure 2.5C, IκBα levels were equivalently reduced in TNF and LT-cotreated 

cells at 10 minutes and 1 h. Just prior to addition of TPCA-1, IκBα was already slightly 

decreased in LT-cotreated cells compared to TNF alone. However, 15 minutes after 

addition of TPCA-1, IκBα expression had returned to basal levels in both TNF and LT-

cotreated cells. In addition, the IκBα levels stayed at or above basal levels through the 6 

h time point. These data suggest that LT does not block translation of IκBα, nor does it 

inherently destabilize the protein, and further suggests the delayed reaccumulation is 

due to enhanced IKKβ activity. 

 

LT enhances IKKβ-dependent phosphorylation of IκBα.  

As discussed above, the major mechanism by which the IKK complex controls 

NF-κB activity is by phosphorylating the IκB proteins. Phosphorylation of IκBα (at 

serine residues 32 and 36), IκBβ and IκBε targets each molecule for ubiquitination and 

proteasome degradation (150,155,165). To strengthen our argument that enhancement 

of IKK activity in LT-cotreated cells is responsible for the delayed reaccumulation of 

IκBα and IκBβ, we measured IκBα phosphorylation (p-IκBα)  by quantitative ELISA, 

and examined how pretreatment of cells with TPCA-1 would affect the delay in IκBα 

and IκBβ reaccumulation. As shown in Figure 2.6A, TNF markedly induced p-IκBα 

after 10 min with slightly decreased levels at 2 h. Consistent with the IKK 

phosphorylation, no differences were noted between TNF-treated and LT-cotreated cells 

at these early time points. However, at 6 and 12 h, p-IκBα was markedly decreased in 
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TNF-treated cells while it remained high in LT-cotreated cells. When we accounted for 

IκBα degradation by normalizing p-IκBα relative to total IκBα, we found 

phosphorylation was enhanced by greater than 2-fold in LT-cotreated cells compared to 

TNF alone at 6 and 12 h (Figure 2.6B). When cells were pretreated with TPCA-1, we 

saw no inhibition of the TNF-induced p-IκBα, but a complete attenuation of the 

enhanced levels in LT-cotreated cells (Figure 2.6B).  

Since IκBα phosphorylation is a signal for proteasomal degradation, we 

examined whether TPCA-1 could block the LT enhancement of IκBα degradation 

observed in Figure 2.2. Indeed, TPCA-1 completely inhibited the LT enhancement of 

IκBα degradation compared to cells treated with TNF, suggesting that the reduced 

IκBα expression is IKKβ-dependent (Figure 2.6C). Interestingly, the inability of 

TPCA-1 to block the TNF-induced IκBα degradation agrees with the residual p-IκBα 

observed in Figure 2.6B.    

For IκBβ, TPCA-1 partially protected degradation for TNF-treated and LT-

cotreated cells, though there was still a significant difference between the two 

treatments (Figure 2.6D). Interestingly, TPCA-1 also afforded significant protection 

from IκBβ degradation in the cells treated with LT alone, suggesting the degradation in 

cells treated with LT alone may be partially attributed to the slight enhancement in IKK 

activity. These data suggest that IKKβ plays an important role in LT enhancement of 

IκBβ degradation but unlike for IκBα degradation, there may be other contributing  
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FIGURE 2.6A-B. LT enhances TNF-induced phosphorylation of IκBα. A, 
quantitation of p-IκBα was performed by ELISA as described in Materials and 
Methods and presented as units of p-IκBα per mg of protein. Means ± SE for 
three separate experiments are shown. B, quantitation of p-IκBα relative to 
total IκBα was performed by ELISA and presented as units of p-IκBα relative 
to nanograms of total IκBα. Where indicated, cells were pretreated for 30 min 
with TPCA-1 (3 µM). Means ± SE for three separate experiments are shown. 
M, medium; L, LT; T, TNF; L + T, LT + TNF. ††, p < 0.01 versus TNF.  
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FIGURE 2.6C-D. LT-enhanced IκBα and IκBβ degradation is IKK-
dependent. Cells were pretreated for 30 min with TPCA-1 (3 µM). Whole cell 
lysates were analyzed by Western blot for expression of IκBα (C) and IκBβ (D). 
Three blots were performed for each protein, and representative blots are shown. 
Graphs represent Western blot densitometry (n = 3) of total IκBα (C) and total 
IκBβ (D) in TPCA-1-pretreated cells. Data for samples without TPCA-1 are 
modified from Figure 2.1 and are included here for comparison. M, medium; L, 
LT; T, TNF; L + T, LT + TNF. **, p < 0.01 versus medium; ††, p < 0.01 versus 
TNF; ‡‡, p < 0.01 comparing with TPCA-1 versus without TPCA-1; ‡, p < 0.05 
comparing with TPCA-1 versus without TPCA-1.  

 

C 
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factors, including for example the reduced NFKBIB transcription observed in Figure 

2.3B. 

 

LT enhances IKKβ-dependent phosphorylation of p65.  

Another mechanism by which IKKβ controls NF-κB activity is through 

phosphorylation of the p65 NF-κB subunit at serine 536, which is thought to enhance 

transcriptional activity and nuclear localization of NF-κB (150,155,156,165). 

Phosphorylation of p65 was detected at low levels under control conditions or in cells 

treated with LT alone (Figure 2.7A). TNF markedly induced p-p65 after 10 min that 

declined substantially after 2 h. Again, no differences were noted between TNF-treated 

and LT-cotreated cells at these early time points. At 6 and 12 h, p-p65 was again 

elevated in TNF-treated cells. At both time points, densitometry analysis suggested that 

LT significantly enhances p-p65 by about 2-fold compared to treatment with TNF 

alone. At 24 h, low level p65 phosphorylation was observed in cells treated with LT 

alone and TNF alone, and appeared slightly enhanced in LT-cotreated cells, but this did 

not reach the level of statistical significance. When cells were pretreated with TPCA-1, 

the enhancement in p-p65 at 6 and 12 h was completely blocked in LT-cotreated cells 

(Figure 2.7B). However, we still observed TNF-induced p65 phosphorylation at 6 h, 

consistent with the data for p-IκBα. Interestingly, the magnitude of enhancement and 

kinetics of p65 phosphorylation correspond well with the results observed for p-IKK  
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FIGURE 2.7. LT enhances TNF-
induced phosphorylation of p65. 
A, whole cell lysates were analyzed 
by Western blot for p-p65 and total 
p65 levels. At least three blots were 
performed. Blots are shown for a 
representative set of 10 min and 2 h 
samples grouped on one gel and the 
6, 12, and 24 h samples grouped on 
a second gel. Graphs represent 
Western blot densitometry (n ≥ 3). 
Data were normalized relative to 
cells treated with medium alone and 
presented as means ± SE. B, cells 
were pretreated with TPCA-1 (3 
µM) and analyzed for p-p65 and 
total p65 levels as described above. 
M, medium; L, LT; T, TNF; L + T, 
LT + TNF. ††, p < 0.01 versus 
TNF; †, p < 0.05 versus TNF. 
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and p-IκBα in LT -cotreated cells. Taken together, these data suggest that LT-

cotreatment enhances phosphorylation of p65 via an IKKβ-dependent mechanism. 

 

LT differentially regulates transcription of pro-inflammatory genes.  

NF-κB plays a critical role in endothelial pro-inflammatory gene regulation. 

Having shown that LT enhances activity of the IKK-NF-κB pathway, we wanted to 

further investigate how LT affects transcription of pro-inflammatory genes. We have 

shown that LT enhances transcription of several such genes, including VCAM1, IRF1 

(154), and NFKBIA (Figure 2.3A), the latter being under the transcriptional control of 

three NF-κB binding sites (166). To further extend these observations, we chose to 

investigate the effects of LT on transcriptional regulation of two additional genes with 

promoters that are regulated by different combinations of transcription factors: CD40, 

and CCL2. 

 Transcription of the cell surface receptor CD40, which belongs to the TNF 

receptor superfamily, is regulated by NF-κB, signal transducers and activators of 

transcription-1 (STAT-1), and IRF-1 (135,167). CD40 transcription was induced in 

TNF-treated cells at 6 h (Figure 2.8A). LT-cotreatment significantly enhanced CD40 

expression at each time point consistent with our findings that LT enhances the 

transcriptional activity of NF-κB, STAT-1, and IRF-1 (154). In addition, cell surface 

ELISA showed that LT-cotreatment enhanced cell surface expression of CD40 by 

greater than 50% compared to cells treated with TNF alone (Figure 2.8B).  
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Expression of CCL2, which encodes for the chemokine MCP-1, is 

transcriptionally regulated by AP-1 and NF-κB (168,169). In TNF-treated cells, CCL2 

transcription was increased at each time point investigated (Figure 2.8C). Interestingly, 

LT-cotreatment significantly reduced transcription of CCL2. Consistent with this 

finding, MCP-1 secretion, as measured by ELISA, was reduced by more than 30% in 

LT-cotreated cells at 6 h, and by more than 50% at 12 and 24 h (Figure 2.8D). Having 

established that LT enhances NF-κB activity, we hypothesized that LT may be 

negatively regulating activity of AP-1.  

 

LT inhibits basal and cytokine-induced AP-1 activity.  

DNA binding activity of AP-1, a heterodimeric transcription factor composed of 

c-Fos and c-Jun was quantified using a trans-binding ELISA assay (Figure 2.9). We 

observed basal AP-1 activity that was enhanced greater than 2-fold by TNF treatment at 

6 and 12 h.  Importantly, LT nearly completely inhibited basal and TNF-induced AP-1 

activity. This decrease is likely due to the LT-mediated reduction in nuclear c-Jun that 

we observed previously (154). Together with the previous section, these data 

demonstrate the dual regulatory action of LT on NF-κB target gene expression and 

highlight the underlying role of differential regulation of pro-inflammatory transcription 

factors by LT. 

 



 86

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 

FIGURE 2.8A-B. LT differentially regulates transcription of NF-κB target 
genes. A, cells were treated with medium alone or medium containing LT, 
TNF, or both. RNA was collected and analyzed for CD40 transcript relative to 
GAPDH by real-time PCR. Means ± SE for a minimum of three separate 
experiments are shown. B, cells treated for 24 h as indicated were analyzed by 
CD40 cell surface ELISA. Values are reported as means ± SE for four separate 
experiments. ††, p < 0.01 versus TNF. ABS, absorbance. 
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FIGURE 2.8C-D. LT differentially regulates transcription of NF-κB target 
genes. C, RNA was collected and analyzed for CCL2 transcript relative to 
GAPDH by real-time PCR. Means ± SE for a minimum of three separate 
experiments are shown. D, MCP-1 release was quantitated by ELISA as 
described in Materials and Methods. Values are reported as means ± SE for 
four separate experiments. ††, p < 0.01 versus TNF; †, p < 0.05 versus TNF.  
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FIGURE 2.9. LT inhibits AP-1 DNA binding activity. Cells were treated 
with medium alone or medium containing LT, TNF, or both. Binding activity 
of AP-1 was determined by trans-binding ELISA as described in Materials and 
Methods. Means ± SE for four separate experiments are shown. **, p < 0.01 
versus medium; *, p < 0.05 versus medium; ††, p < 0.01 versus TNF. ABS, 
absorbance.  
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DISCUSSION 

 

Vascular pathologies associated with anthrax may be the result of the direct 

interaction of LT with the endothelium. We have shown in vitro that LT disrupts 

endothelial barrier function and has both enhancing and suppressive effects on 

endothelial inflammatory responses (67,68,154). The latter is likely to play an important 

role in the poor immune response and vasculitis associated with anthrax and occurs in 

part due to enhancement and prolonging of NF-κB activity under varying inflammatory 

stimuli, including IL-1β and TNFα. The duration and intensity of NF-κB activity is 

regulated by the degradation and reaccumulation of the inhibitory proteins IκBα, IκBβ, 

and IκBε. In endothelial cells as well as other cell types exposed to prolonged TNF 

treatment, the differential rates of degradation and reaccumulation of these three 

proteins account for the two distinct phases or “oscillations” of NF-κB activity (160-

162). An early phase, which peaks within the first hour, is characterized by the rapid 

degradation and resynthesis of IκBα. In endothelial cells, the late phase, (i.e. > 2 h), has 

been attributed to the much slower degradation and reaccumulation of IκBβ (162). 

Importantly, we show that while LT has no effect on IκB expression during time points 

associated with the early phase, LT-cotreatment significantly delayed the 

reaccumulation of IκBα (at 2 and 6 h) and IκBβ (at 12 and 24 h), but not IκBε, during 

the late phase. The fact that the reduced expression of IκB proteins was most striking at 

6 and 12 h, suggests a mechanistic link with the enhanced NF-κB activity that was 
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observed at those time points in LT-cotreated cells. While the reduced IκBβ expression 

could be partially explained by reduction in gene transcription, LT conversely enhanced 

transcription of NFKBIA. Importantly, the reduced IκB protein expression in LT-

cotreated cells was not due to alterations in proteasome activity or phosphatase activity, 

and in the case of IκBα, was not due to impaired translation of NFKBIA mRNA. 

Together these data suggest the involvement of the IKK complex in the delayed IκB 

reaccumulation. 

The IKK complex, composed of two functionally distinct kinases, IKKα and 

IKKβ, and the structural subunit IKKγ, is activated in response to a variety of stimuli by 

phosphorylation as a triggering event in the NF-κB response. Both IKKα and IKKβ 

have been shown to phosphorylate IκB proteins, targeting them for ubiquitination and 

subsequent degradation by the chymotrypsin-like proteasome activity (165,170,171). 

This results in the exposure of a nuclear localization sequence on the p50/p65 

heterodimer and leads to nuclear import and subsequent transcription of NF-κB 

responsive genes. IKKα and IKKβ have also been shown to phosphorylate p65, 

resulting in enhanced nuclear localization and transcriptional activity (150,165,172). 

Importantly, we show that LT-cotreatment significantly enhanced IKKβ activity and 

phosphorylation. In addition, we observed phosphorylation of the IKK targets IκBα and 

p65 that correlated well with the IKK enhancement in terms of magnitude and kinetics.  

In addition, we showed that inhibition of IKKβ completely blocked the LT 

enhancement of p65 phosphorylation and IκBα phosphorylation and degradation. The 
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LT-enhanced degradation of IκBβ was partially rescued by the IKKβ inhibitor. 

Together, these data suggest an active role for IKK in the LT enhancement of NF-κB 

activation observed in the present study and previously reported (154). These 

modulatory effects of LT on the IKK-NF-κB pathway are summarized in Figure 2.10. 

With regard to the mechanism leading to enhanced IKK activation, we provide 

evidence that LT-cotreatment enhances expression of MEKK2, an upstream kinase that 

has been linked to IKK activation (164,173). Indeed, MEKK2 is thought to specifically 

control the late phase of NF-κB activity through assembly of a complex with IKK and 

IκB proteins (163). The mechanisms underlying LT enhancement of MEKK2 

expression are not yet clear although one hypothesis is that this may represent a 

feedback response triggered by the LT-mediated cleavage of downstream MEK 

proteins. Significant attention has focused on LT-mediated MEK cleavage and the 

resulting downstream inhibition of MAPK signaling, however, to our knowledge, the 

present findings represent the first demonstration that LT can elicit increased expression 

of signaling components directly upstream of MEKs. However it should be noted that 

MEKK2 expression only appeared enhanced in LT-cotreated cells and was not 

detectable in cells treated with LT alone. Besides pathways that stimulate IKK, another 

possibility that warrants further investigation is whether LT may inhibit endogenous 

endothelial mechanisms that are activated for resolution of the NF-κB response (174). 

Potential targets include the COX-2 produced cyclopentenone prostaglandins, anti-

inflammatory molecules which are exclusively synthesized late in the inflammatory 

response and have been shown to inhibit IKK activity (175). Other molecules of interest  
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FIGURE 2.10. LT enhances IKK-NF-κB activity. NF-κB is constitutively 
expressed in the cytoplasm of endothelial cells in complex with inhibitory IκB 
proteins. Upon pro-inflammatory activation (e.g. TNF stimulation), IKK is 
activated and phosphorylates IκB proteins and the p65 subunit of NF-κB 
leading to IκB degradation and NF-κB nuclear translocation. As shown in 
Specific Aims 1 and 2, LT enhances TNF-induced IKK activation as well as 
IκB degradation and NF-κB phosphorylation and nuclear expression (LT 
enhancement is indicated by a red “up” pointing arrow). Once in the nucleus, 
NF-κB regulates expression of a multitude of genes including VCAM1. As a 
negative feed mechanism, NF-κB also induces transcription of NFKBIA, the 
IκBα-encoding gene. Once IκBα reaccumulates, NF-κB is excluded from the 
nucleus upon reformation of the inactive IκB-NF-κB complex. Because of the 
enhanced IKK activity and continued phosphorylation of IκBα discussed in 
Specific Aims 1 and 2, LT delays the TNF-induced reaccumulation of IκB 
proteins and subsequently inhibits nuclear export (LT inhibition is indicated by 
a red “down” pointing arrow). 
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include members of the OTU family of deubiquitinating cysteine proteases that have 

been shown to be induced by TNF and IL-1 in endothelial cells and are believed to play 

a role in NF-κB resolution by deubiquitinating receptor-associated signaling 

intermediaries and inhibition of IKK activity (176). 

 Until recently, the NF-κB dogma has held that IKKβ and IKKα are functionally 

distinct kinases with the former being solely responsible for canonical signaling 

pathway and the latter controlling the non-canonical pathway. However, it is known that 

both kinases are capable of phosphorylating IκB proteins and recently it has been 

shown that, under certain conditions, IKKα can activate the canonical pathway in 

numerous cell types including endothelial cells (172,177). Indeed, IKKα may be the 

predominant kinase responsible for IκB degradation in IL-1 treated MEF, while IKKβ 

was shown to be generally dispensable (178). Interestingly, the present data show that 

pretreatment of TNF-treated cells with the selective IKKβ inhibitor TPCA-1 was unable 

to block p65 phosphorylation or IκBα phosphorylation and degradation at 6 h, a time 

point associated with the NF-κB late phase (Figure 2.6B,  2.6C and 2.7B). This 

observation is intriguing given that post-treatment with TPCA-1 (90 min after TNF) 

produced no net IκBα degradation in 6 h TNF-treated cells (Figure 2.5C). It is tempting 

to speculate whether IKKα may compensate for IKKβ in the cells which were 

pretreated with TPCA-1. Further investigation will be required to address this 

interesting finding. 
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Endothelial activation and subsequent gene expression in response to 

inflammatory stimuli is critical to coordinating the innate immune response to infection 

(179). The vast majority of inflammatory products produced by endothelium are 

regulated by the IKK-NF-κB pathway (179-182). In addition, recent studies have shown 

that abnormal or enhanced activity of the IKK-NF-κB pathway correlates with an 

unfavorable outcome in many diseases, including heart disease, cancer, and sepsis (183-

185). Indeed, IKK inhibitor therapies are currently being developed as a promising 

treatment for many inflammatory disorders (186). Therefore, the fact that LT alters IKK 

activity could suggest an important link between LT and certain anthrax-associated 

pathologies including vasculitis and the poor immune response. To further investigate 

the consequences of the enhanced IKK-NF-κB pathway, we examined the effect of LT 

on the expression of several genes that are regulated by one or varying combinations of 

inflammatory transcription factors. In the case of the previously discussed NFKBIA, the 

IκBα-encoding gene regulated solely by NF-κB, LT was shown to enhance mRNA 

expression. Transcription of NFKBIB, which unlike NFKBIA is only minimally 

responsive to NF-κB (187), was significantly decreased by LT-cotreatment. The 

expression of CD40, which is regulated by NF-κB, IRF-1, and STAT-1, was likewise 

increased in LT-cotreated cells. However, transcription of CCL2 was significantly 

reduced by LT-cotreatment which was linked to the LT inhibition of AP-1. These 

observations may have pathogenic implications in that LT enhancement of CD40 

expression in the presence of CD40L-expressing leukocytes could lead to a synergistic 
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expansion of the inflammatory response through further NF-κB activation and 

endothelial adhesion molecule expression, suggesting a potential contribution to the 

vasculitic pathology associated with anthrax (188,189). In addition, the inhibition of 

MCP-1 release combined with the reduced expression of the chemokines interleukin-8 

and CCL5 may severely alter lymphocyte diapedesis, suggesting an important link 

between the effect of LT on the endothelium and the poor immune response observed in 

anthrax (68,81). Indeed, in vitro studies from our lab have shown that, despite enhanced 

binding of human monocytes and neutrophils (68), LT-cotreated endothelial cells 

exhibit severe deficiencies in coordinating transmigration compared to cells treated with 

TNF alone (data not shown).  

As mentioned above, the reduction in CCL2 transcription was linked to a 

dramatic reduction in basal and TNF-induced AP-1 binding activity in LT-treated 

endothelial cells. This is consistent with previous studies using other cell types and is 

likely due to the widely reported inhibition of JNK, which stabilizes c-Jun through 

phosphorylation (127,154,190-192). Importantly the MAPK family regulates other 

transcription factors involved in immune and inflammatory responses, as well as 

controlling the activity of additional components of the transcriptional machinery (128). 

In addition, p38 and JNK have been shown to augment expression of certain genes by 

enhancing posttranscriptional mRNA stability (193). By disrupting the above MAPK-

regulated pathways, LT may influence the expression of many genes in cells exposed to 

the toxin. 
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The finding that LT exerts opposing effects on important pro-inflammatory 

transcription factors appears to lead to an interesting dynamic where pro-inflammatory 

genes are differentially regulated in LT-cotreated endothelial cells. Whether a particular 

gene is up- or down-regulated by LT depends on what transcription factors regulate its 

expression. For example, for some genes, including CD40 and NFKBIA discussed here 

as well as previously reported VCAM1 and IRF1 (154), the increased NF-κB and IRF-1 

activity outweigh the reduction in AP-1 activity and results in enhanced transcription of 

these genes in LT-cotreated cells. However, for another subset of genes, including 

CCL2 discussed here and also SELE as previously reported (154), the reduction in AP-1 

activity outweighs the increased NF-κB and IRF-1 activity and leads to reduced 

transcription in LT-cotreated cells.  

In conclusion, LT-mediated enhancement of TNF-induced NF-κB activation is 

due to increased activation of the IKK complex. When combined with the inhibition of 

AP-1 activity by LT, this leads to potentially important downstream transcriptional up- 

or down-regulation driven by the cumulative effect of LT on the particular set of 

transcription factors that control a given promoter. Given the important role of the IKK-

NF-κB pathway and AP-1 in immune and inflammatory signaling, the data presented 

here provides important mechanistic insight into how LT may interact with host cells to 

cause the characteristic dysregulated immune response and vasculitic pathology 

observed in anthrax. 
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SPECIFIC AIM 3: 

 

Anthrax Lethal Toxin Disrupts Endothelial Adherens Junctions and Tight Junctions by 

Rho Kinase- and FoxO1-Dependent Mechanisms 
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RATIONALE AND HYPOTHESIS 

 

Vascular pathologies such as pleural effusion, edema, and hemorrhage are 

hallmarks of systemic anthrax infection and are thought to be among the major factors 

contributing to mortality and morbidity of this disease. Previous work from our lab 

showed that LT decreases the barrier function of primary human endothelial cultures as 

early as 12 h which declines progressively over a period of 72 h. Barrier dysfunction 

was accompanied by rearrangement of the actin cytoskeleton and dramatic cell 

elongation. We also observed rearrangement of the AJ component VE-cadherin, an 

essential regulator of the endothelial barrier (67). Both actin rearrangement and VE-

cadherin disruption are commonly associated with decreased barrier function from a 

variety of stimuli (67,96,194,195). As with the LT-induced enhancement of VCAM-1 

expression, the ability of LT to increase permeability seems to be independent of its 

inhibition of the MAPK signaling pathways.  

As described in the main Introduction to this thesis, endothelial barrier function 

is typically regulated by two mechanisms: 1) Src kinase-dependent phosphorylation of 

AJ components which induces AJ dissociation (Figure Intro 3), and 2) enhanced 

phosphorylation of MLC which triggers a contractile phenotype through stress fiber 

formation (Figure Intro 4). I tested the hypothesis that LT-induced barrier dysfunction 

involves dysregulation of one or both of these pathways.  To determine whether LT 

alters the function of other key endothelial junctional complexes, I also examined the 

effect of LT on the TJ components, claudin-5 and ZO-1.  
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ABSTRACT 
 

Anthrax morbidity and mortality are thought to result from major vascular pathologies 

including pleural effusion, hemorrhage, and vasculitis. However, the mechanisms 

underlying these events are not completely defined. Previous studies have shown that 

anthrax lethal toxin (LT), a key virulence factor of Bacillus anthracis, induces human 

endothelial barrier dysfunction with disruption of adherens junctions and actin stress 

fiber formation. In this study, I show that LT-mediated changes in endothelial 

morphology and barrier dysfunction are driven by Rho kinase (ROCK)-dependent 

phosphorylation of myosin light chain (p-MLC). Firstly, LT induced a 2-fold increase in 

p-MLC expression that co-localized extensively with actin stress fibers. Secondly, 

pretreatment with a highly specific ROCK inhibitor, but not an inhibitor of MLC 

kinase, knocked out LT-induced p-MLC enhancement, stress fiber formation and VE-

cadherin rearrangement. Interestingly, the ROCK inhibitor only partially attenuated LT-

induced barrier dysfunction suggesting the involvement of other ROCK-independent 

mechanisms. Indeed, I found that LT inhibited gene transcription and protein expression 

of the key tight junction component claudin-5 as well as phosphorylation of the claudin-

5 transcriptional regulator FoxO1 and its upstream kinase Akt. These effects were not 

attenuated by the ROCK inhibitor, indicating their independence from the ROCK-

dependent morphological changes. Together, these findings shed new light on the 

underlying mechanisms of LT-mediated endothelial barrier dysfunction that may 

ultimately be useful in targeting pathways for therapeutic intervention. 
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INTRODUCTION 

 

Inhalational anthrax is a disease caused by inhaling spores of the gram-positive 

bacterium Bacillus anthracis. Many of the symptoms of systemic inhalational anthrax 

can be attributed to the action of anthrax toxin, which is made up of three secreted 

proteins, protective antigen (PA) and lethal factor (LF), which combine to form lethal 

toxin (LT), and edema factor (EF) which combines with PA to form edema toxin 

(18,19). PA binds to the cell surface receptors ANTXR1 and ANTXR2, leading to 

endocytosis of the enzymatic moieties EF and LF (20). Once in the cytosol, EF is a 

calcium/calmodulin-dependent adenylate cyclase, causing accumulation of the 

secondary signaling molecule cAMP (110). LF is a zinc metalloprotease that cleaves 

proteins of the MEK family, disrupting mitogen-activated protein kinase (MAPK) 

signaling (108,109). While both receptors are ubiquitously expressed, it has been shown 

that ANTXR2 is the dominant receptor contributing to lethality in vivo due to an 11-fold 

higher affinity for PA (21). 

The high mortality resulting from systemic anthrax infection is generally 

associated with profound vascular pathologies including edema, hemorrhage, pleural 

effusion, and vasculitis, which have been highlighted in numerous published reports of 

human and animal infections (39,51-53,196). Importantly, many of these symptoms are 

also observed in animals treated with purified LT (57-59,151). Further, toxin receptor 

expression appears to be enriched on the endothelium (63). These findings have 

supported the idea that LT may directly target the endothelium during systemic anthrax 
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infection, when serum levels of LF and PA can exceed 200 and 1000 ng/ml respectively 

(15,64-66,152,153). In addition, LT was shown to increase vascular permeability in a 

zebrafish model in the absence of endothelial cell death, suggesting that LT may 

dysregulate endothelial junctions in vivo (60). This finding is consistent with recent 

studies in LT-treated mice showing altered endothelial junctions by electron 

microscopy, and increased leakage of intravenous fluorescent dyes in the lung (61,62).  

Together, these data agree well with our previous findings that LT induces cell 

death-independent endothelial barrier dysfunction in primary human lung microvascular 

endothelial cells. In the same study, we also noted morphological changes consistent 

with those described for other barrier compromising agents, including actin stress fiber 

formation and altered VE-cadherin expression (67,93,96). In this study, we show for the 

first time that LT-induced morphological changes are associated with enhanced 

phosphorylation of the actin-regulating protein myosin light chain (MLC). Using 

inhibitors of the upstream kinases, MLC kinase (MLCK) and Rho kinase (ROCK), we 

show that activity of the latter is necessary for LT-induced MLC phosphorylation and 

morphological changes. The ROCK inhibitor also significantly protected against LT-

induced barrier dysfunction, though the protection was not complete. Accordingly, 

further investigation revealed that LT inhibits transcription and protein expression of 

claudin-5, a major component of tight junctions (TJs) (87). Interestingly, the reduced 

claudin-5 was ROCK-independent and was linked to LT suppression of basal Akt 

phosphorylation and subsequent increased activity of the claudin-5 transcriptional 

repressor FoxO1.  
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MATERIALS AND METHODS 

Reagents 

Phosphate-buffered saline (PBS) and Hank’s balanced salt solution with calcium 

and magnesium (HBSS) were obtained from Invitrogen (Carlsbad, CA). The MLC 

kinase (MLCK) inhibitor ML-7, the ROCK inhibitors H-1152 (Rki) and Y-27632 

(Y27), the Src inhibitor Src kinase inhibitor I (Srci), and the PI3K inhibitor LY 294002 

(LY29) were purchased from EMD Chemicals (Gibbstown, NJ). LF, PA, and mutant 

LFE687C were kindly provided by Dr. Stephen H. Leppla (National Institutes of Health, 

Bethesda, MD) (119,120). Toxin proteins were diluted in sterile PBS before cell 

treatment. All other reagents were purchased from Sigma Chemical Co. (St. Louis, 

MO). Diperoxovanadate (DPV) was prepared by mixing equal volumes of 100 mM 

Sodium orthovanadate and 200 mM hydrogen peroxide as described previously and 

used at 1:1000 dilution (197). 

 

Antibodies 

Mouse IgG1 monoclonal antibody to ZO-1 (33-9100) and rabbit polyclonal 

antibody to claudin-5 (34-1600) were purchased from Invitrogen. Goat polyclonal 

antibody to VE-cadherin (sc-6458), and rabbit polyclonal antibodies to beta catenin (sc-

7199), p-Akt1/2/3 (Thr308) (sc-16646-R), Akt1 (sc-1618), p-FoxO1 (Ser256) (sc-

101681), tubulin (sc-9104), actin (sc-1616), and Src (sc-18) were purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal antibodies to p-MLC 
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(Thr18/Ser19) (#3674) and p-Src (Tyr416) (#2101) were purchased from Cell Signaling 

Technology (Danvers, MA).  

 

Endothelial cell culture and treatment 

Primary human lung microvascular endothelial cells were obtained from 

Cambrex (Walkersville, MD) and cultured as described previously (67). For inhibitor 

experiments, confluent monolayers were pretreated with the specified inhibitor for 30 

min. Without washing out inhibitor, cells were treated with LT (100 ng/ml LF and 500 

ng/ml PA) or inactive mutant LT (100 ng/ml LFE687C and 500 ng/ml PA). Individual 

toxin components LF or PA did not alter endothelial morphology or barrier function 

(67). 

 

Endothelial barrier function assays 

Barrier function assays were performed as previously described (67). Briefly, 

cells were grown to confluence on porous polyester membrane Transwell inserts (0.4 

µm pore size). Transendothelial electrical resistance (TEER), a marker of endothelial 

barrier integrity, was measured using an EVOM volt-ohmmeter connected to a 12-mm 

Endohm unit (World Precision Instruments, Sarasota, FL). Trans-endothelial albumin 

flux was quantified by measuring the amount of FITC-labeled human serum albumin 

(500 μg/ml, Sigma) crossing the endothelial monolayer from the upper Transwell 

compartment into the lower compartment.  
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Immunoprecipitation 

Whole cell lysates were immunoprecipitated (IP) using the ExactaCruz systems 

(Santa Cruz). Briefly, for formation of the IP antibody-matrix complex, the IP matrix 

and antibody were diluted in PBS in a 1.6 ml Eppendorf tube and placed on a shaker at 

4°C for 4 h. The concentration of RIPA buffer in the whole cell lysates was normalized 

and lysates were pre-cleared on a shaker for 30 min at 4°C with an IP matrix designed 

to reduce IP of non-specific proteins. IP antibody-matrix complex was pelleted and 

washed twice with PBS. After pelleting pre-clearing IP matrix, the supernatant (pre-

cleared cell lysate) was transferred to the Eppendorf containing the IP antibody-matrix 

complex. IP was performed overnight at 4°C with shaking. For negative control IP, 

blank RIPA buffer was subject to identical pre-clearing and IP steps. The IP samples 

were then pelleted and washed three times with PBS followed by resuspension in 2x 

electrophoresis buffer (Santa Cruz) with reducing agent (Invitrogen). The samples were 

then heated at 70°C for 15 minutes to denature and reduce the complex and analyzed by 

Western blot. 

 

Immunofluorescence microscopy 

Cells were grown to confluence in 24-well dishes, and treated with LT in the 

presence or absence of inhibitors as noted. Primary antibodies and dilutions used are as 

follows: claudin-5 (1:30), p-MLC (1:100), VE-cadherin (1:200), ZO-1 (1:200). 

Immunofluorescence analysis using Alexa Fluor 555-labeled secondary antibodies 
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(1:800 dilution) and Alexa Fluor 488-labeled phalloidin (1:100 dilution) to stain 

filamentous actin (Invitrogen) was performed as described previously (67). Nuclei were 

stained with Hoechst 33342 (5 µg/ml). Phosphorylated MLC was quantified as 

described previously (198). Briefly, fluorescence images of 4-6 independent fields were 

taken from duplicate treatment wells stained with either secondary antibody alone or 

primary (p-MLC) and secondary antibodies. The mean gray value was calculated from 

each field using ImageJ software (NIH, Bethesda, MD) and averaged for each group. 

The average mean gray value for the secondary antibody alone group was subtracted 

from average mean gray value from the primary and secondary antibodies-stained group 

to obtain the p-MLC fluorescence intensity (adjusted mean gray value). 

 

Real-time PCR 

RNA extraction and gene expression procedures were described above. Gene 

expression was analyzed using TaqMan gene expression assays for CDH5, CLDN5, 

GAPDH, and CTNNB1. Reactions were performed in triplicate and run on the Applied 

Biosystems 7900HT real-time PCR system. Fold gene expression was calculated using 

the 2-∆∆C
T method using GAPDH as the reference gene (121). 

 

Preparation of whole cell extracts 

Extraction protocols were described in depth above. Protein concentrations were 

quantitated using the BCA method (Pierce, Rockford, IL).  
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Western blotting 

Reduced samples were run on NuPAGE 4-12% gradient Bis-Tris gels in MOPS 

SDS running buffer. Proteins were transferred to PVDF membranes and detected as 

described above. Densitometry analysis was performed using Image J software. 

 

Statistical analysis 

Data are represented as means ± SE for replicate experiments. Statistical 

analysis was performed by ANOVA with post-hoc Student’s t-test using the JMP (v. 7) 

software (SAS Institute Inc, Cary, NC). p < 0.05 was considered statistically significant. 



 107

RESULTS 

 

LT enhances MLC phosphorylation 

We previously showed that LT causes a cell death-independent reduction in 

endothelial barrier function in a time- and concentration-dependent manner (67). 

Significant TEER reduction was observed as early as 12 h. By 72 h, TEER was reduced 

by about 65% while monolayer permeability to albumin more than doubled. This loss in 

barrier function was accompanied by morphological changes including altered 

immunofluorescence and cell surface localization of the adherens junction (AJ) 

adhesion molecule VE-cadherin, remarkable cell elongation, inter-endothelial gaps, and 

formation of prominent actin stress fibers. Treatment with equivalent concentrations of 

the individual toxin components LF or PA or mutant LT (LTm) produced no alterations 

in cell morphology or barrier function highlighting the dependence on fully functional 

LT. To further characterize the molecular mechanism underlying LT-induced 

morphological changes, we examined whether LT enhances phosphorylation of MLC, a 

signal that triggers contractile stress fiber formation and barrier dysfunction through 

extensive cross-linking of myosin and actin (93). Immunofluorescence analysis showed 

that untreated cells expressed low levels of p-MLC that was mainly associated with the 

cortical actin cytoskeleton (Figure 3.1A). In contrast, after 72 h, LT-treated cells 

showed remarkable p-MLC expression that co-localized with actin stress fibers. 

Quantitation of fluorescence intensity showed that p-MLC in LT-treated cells was 

greater than double compared to time-matched untreated cells (Figure 3.1B).  
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FIGURE 3.1A. LT enhances MLC phosphorylation via a ROCK-
dependent mechanism. A, cells were treated with medium or LT (100 ng/ml 
LF + 500ng/ml PA).Where indicated, cells were pretreated with the MLCK 
inhibitor ML-7 (5 µM), or the ROCK inhibitors Rki (1 µM) or Y27 (5 µM) for 
30 minutes prior to LT treatment. After 72 h, monolayers were stained with 
Hoechst 33342 (blue, nuclei), phalloidin (green, actin), and p-MLC antibody 
(red) as described in Materials and Methods. Immunofluorescence images 
(400x magnification) are representative of four separate experiments.  

A 
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FIGURE 3.1B. LT enhances MLC phosphorylation via a ROCK-
dependent mechanism. B, cells were treated and analyzed for p-MLC 
immunofluorescence as in Figure 3.1A. Fluorescence intensity of p-MLC was 
calculated as described in Materials and Methods. Means ± SE for three 
separate experiments are shown. **, p < 0.01 versus Medium.  
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LT-induced MLC phosphorylation and morphological changes are ROCK-

dependent 

MLC phosphorylation is catalyzed by MLCK and/or ROCK (199). To determine 

the contribution of each of these kinases to the p-MLC enhancement, cells were 

pretreated with the MLCK inhibitor ML-7 or the ROCK inhibitors H-1152 (Rki) or Y-

27632 (Y27) for 30 minutes prior to LT treatment. LT-induced MLC phosphorylation 

was not attenuated by ML-7 but was dramatically reduced by pretreatment with Y27 or 

Rki (Figure 3.1A). Indeed, immunofluorescence analysis showed that cells treated with 

Rki alone and in combination with LT expressed similar levels of p-MLC suggesting 

that the LT enhancement of p-MLC is driven by ROCK and not MLCK (Figure 3.1B). 

We next examined the effect of Rki-pretreatment on LT-induced morphological 

changes. As shown in Figure 3.2, LT induced the characteristic actin stress fibers, 

cellular elongation, and discontinuous VE-cadherin pattern (67). While ML-7 had no 

effect, Rki-pretreatment completely blocked cellular elongation and stress fiber 

formation (Figure 3.2). In addition, the VE-cadherin staining pattern was similar to 

untreated cells, with a uniform and unbroken cortical band though it appeared slightly 

thinner than in untreated cells. Together, these data suggest that LT-induced 

cytoskeletal alterations occur via a ROCK/p-MLC-dependent pathway and that the 

altered VE-cadherin expression may be a secondary event in response to the contractile 

phenotype.  
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FIGURE 3.2. LT-induced morphological changes are ROCK-dependent. 
Cells were treated with medium or LT. Where indicated, cells were pretreated 
with the MLCK inhibitor ML-7 (5 µM), or the ROCK inhibitor Rki (1 µM) for 
30 minutes. After 72 h, monolayers were stained with Hoechst 33342 (blue, 
nuclei), phalloidin (green, actin), and VE-cadherin antibody (red) as described 
in Materials and Methods. Immunofluorescence images (400x magnification) 
are representative of three separate experiments. Inh., inhibitor. 
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LT reduces expression of VE-cadherin in a ROCK-dependent mechanism 

To further characterize the potential role of ROCK on the LT-mediated 

alterations in AJs, we analyzed the expression and transcription of VE-cadherin and 

beta catenin. Previously, we reported that LT decreased cell surface VE-cadherin 

expression by cell surface ELISA (67). To further determine whether this translated into 

reduced total VE-cadherin expression, we measured protein expression of VE-cadherin 

and beta catenin by Western blot. As shown in Figure 3.3A, LT reduced VE-cadherin 

expression by 40% at the 72 h time point. These data correlated with a progressive 

decline in CDH5 gene transcription, with significant decreases at 24 and 48 h when 

CDH5 mRNA was reduced by > 25% in LT-treated cells (Figure 3.3B). Meanwhile, 

there was no effect of LT on expression of beta catenin at the level of protein expression 

(Figure 3.3C) or gene transcription (Figure 3.3D). Similar to the immunofluorescence 

data in Figure 3.2, LT reductions in VE-cadherin expression were protected by Rki-

pretreatment (data not shown), further suggesting this effect may be secondary to the 

ROCK-induced cytoskeletal changes.  

 

LT-induced barrier dysfunction is partially protected by ROCK inhibition 

We next examined whether the ability of Rki to block LT-induced 

morphological changes would translate to attenuation of barrier dysfunction. As shown 

in Figure 3.4A, Rki-pretreatment significantly inhibited the LT-induced increase in 

albumin flux. However, Rki did not significantly protect against the LT-induced TEER 

reductions (Figure 3.4B). Meanwhile, ML-7 did not protect against the changes 
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A 

FIGURE 3.3A-B. LT reduces VE-cadherin expression. A, cells were treated 
with medium (-) or LT for indicated time points. Whole cell lysates were 
collected and analyzed by Western blot for VE-cadherin. Blots were stripped 
and reprobed for tubulin as a loading control. Representative blot is shown. 
Graph represents Western blot densitometry (n ≥ 5). VE-cadherin was 
normalized to tubulin and presented relative to cells treated with medium. B, 
RNA was collected and analyzed for CDH5 transcript relative to GAPDH by 
real-time PCR (n = 3). Data presented as means ± SE. *, p < 0.05 versus 
medium; ***, p < 0.001 versus medium. 
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FIGURE 3.3C-D. LT does not reduce beta catenin expression. Cells were 
treated with medium (-) or LT for indicated time points. C, whole cell lysates 
were collected and analyzed by Western blot for beta catenin. Blots were 
stripped and reprobed for tubulin as a loading control. Representative blot of 
three separate experiments is shown. D, RNA was collected and analyzed for 
CTNNB1 transcript relative to GAPDH by real-time PCR. Means ± SE for 
three separate experiments are shown. 
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FIGURE 3.4. LT-induced barrier dysfunction is partially ROCK-
dependent. Cells grown on porous membrane inserts were treated with 
medium or LT. Where indicated, cells were pretreated with the MLCK 
inhibitor ML-7 (5 µM), or the ROCK inhibitor Rki (1 µM) for 30 minutes. 
After 72 h, albumin flux (A) and TEER (B) were measured as described in 
Materials and Methods. Means ± SE for three separate experiments are shown. 
**, p < 0.01 versus LT. 
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in TEER or albumin flux. Together, these data suggest that LT-induced barrier 

dysfunction, and in particular albumin flux, may be partially driven by ROCK-

dependent morphological changes. However, the TEER data suggest that LT-mediated 

barrier dysfunction likely involves other ROCK-independent pathways as well. 

 

LT does not enhance Src activity or tyrosine phosphorylation of AJ components 

To identify other potential molecular pathways involved in LT-mediated barrier 

dysfunction, we examined the Src-dependent tyrosine phosphorylation of AJ 

components. As shown in Figure 3.5A, when whole cell lysates were analyzed for 

phosphorylated tyrosine residues, no difference in the blotting pattern was observed 

between untreated and LT-treated cells. In contrast, cells treated with the Src activator 

diperoxovanadate (DPV) displayed a pronounced increase in tyrosine phosphorylation. 

Since AJ phosphorylation was previously shown to reduce interaction of VE-cadherin 

and beta catenin (100), we performed co-IP on untreated and LT-treated cell lysates and 

found no differences in the association of these two proteins (Figure 3.5B). In separate 

experiments, pretreatment with Src kinase inhibitor I (Srci) did not attenuate LT-

induced morphological changes by immunofluorescence (Figure 3.6A). Srci produced a 

modest reduction in LT-induced albumin flux but did not prevent the decrease in TEER 

(Figure 3.6B, C). Moreover, LT did not enhance phosphorylation of Src, an activation 

marker (Figure 3.6D). Together, these data suggest that Src activity or tyrosine 

phosphorylation of AJ components does not play a major role in the LT-mediated 

barrier dysfunction.  
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B 

FIGURE 3.5. LT does not enhance tyrosine phosphorylation of adherens 
junction components. A, cells were treated with medium (-) or LT. At 
indicated time points, whole cell lysates were collected and analyzed by 
Western blot for tyrosine phosphorylated proteins. As a positive control for 
tyrosine phosphorylation, cells were treated with the Src tyrosine kinase 
activator diperoxovanadate (DPV) for 20 minutes. Labeled arrows indicate the 
approximate running distance of VE-cadherin and beta catenin. Numbered 
lines represent the running distance of standard molecular weight markers 
(kDa). Blot was stripped and reprobed for tubulin to ensure proper loading. 
Representative blot of four separate experiments is shown. B, whole cell 
lysates were collected and immunoprecipitated with a VE-cadherin antibody as 
described in Materials and Methods. Immunoprecipitated samples were then 
analyzed by Western blot for co-immunoprecipitated beta catenin (i.e. VE-
cadherin-bound beta catenin; represented by labeled arrow). Blot is 
representative of two separate experiments. NC, negative control 
(Immunoprecipitation of cell lysis buffer). 
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FIGURE 3.6A. LT-induced morphological changes are Src-independent. A, 
cells were treated with medium or LT. Where indicated, cells were pretreated 
with the Src inhibitor Srci (5 µM) for 30 minutes. After 72 h, monolayers were 
analyzed by immunofluorescence as in Figure 3.2 for nuclei (blue), actin 
(green), and VE-cadherin (red). Immunofluorescence images (400x 
magnification) are representative of three separate experiments. Inh., inhibitor. 
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FIGURE 3.6B-D. Src inhibition has a minor protective effect on LT-
induced barrier dysfunction. For barrier function analysis, cells were grown 
on porous membrane inserts. Cells were pretreated with no inhibitor or with 
the Src inhibitor Srci (5 µM) for 30 minutes prior to treatment. Cells were then 
treated with medium  or LT, and analyzed at 72 h for albumin flux (B) and 
TEER (C) as described in Materials and Methods. Means ± SE for three 
separate experiments are shown. D, cells were treated with medium (-) or LT 
for indicated time points. Whole cell lysates were collected and analyzed by 
Western blot for phosphorylated Src (p-Src). Blots were stripped and reprobed 
for total Src as a loading control. Representative blot of three separate 
experiments is shown. *, p < 0.05 versus LT. 
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LT reduces claudin-5 expression independent of ROCK activity 

In addition to AJs, endothelial TJs play a major role in regulating barrier 

function. To determine whether LT dysregulates TJs, we examined the effect of LT on 

the expression of the TJ components claudin-5 and ZO-1. LT caused a significant 40% 

reduction in claudin-5 protein expression at 12 h with a slight rebound at 24 h followed 

by a sharp drop to 50% expression at 48 h and below 20% at 72 h (Figure 3.7A). 

Importantly, treatment with an equivalent concentration of LTm for 72h did not alter 

claudin-5 expression (data not shown). We next examined claudin-5 expression by 

immunofluorescence at 72 h. In untreated cells, claudin-5 was easily detected and 

localized at cell-cell junctions. In LT-treated cells, the junctional claudin-5 was only 

intermittently visible (Figure 3.7B). LT also caused perturbation of CLDN5 gene 

transcription. Similar to claudin-5 protein, the mRNA was significantly reduced 

beginning at 12 h and progressively declined thereafter, suggesting that the reduced 

expression is at least partly attributed to a reduction in gene transcription (Figure 3.7C). 

ZO-1 expression was not reduced by LT at any time point (Figure 3.8A), though we did 

observe a notable reduction in ZO-1 immunofluorescence intensity (Figure 3.8B). We 

hypothesize that since ZO-1 binds to the cytoplasmic tail of claudin-5 (93), its 

localization may be altered in LT-treated cells. Importantly, Rki- pretreatment had no 

effect on claudin-5 or ZO-1 protein expression by Western blot (data not shown) or 

immunofluorescence (Figure 3.7B, 3.8B) under basal or LT-treated conditions.  
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FIGURE 3.7A. LT reduces claudin-5 expression. A, cells were treated with 
medium (-) or LT for indicated time points. Whole cell lysates were collected 
and analyzed by Western blot for claudin-5. Blots were stripped and reprobed 
for tubulin as a loading control. Representative blot is shown. Graph represents 
Western blot densitometry (n = 3). claudin-5 expression was normalized to 
tubulin and presented relative to cells treated with medium. Data presented as 
means ± SE. *, p < 0.05 versus medium; ***, p < 0.001 versus medium. 

A 
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FIGURE 3.7B-C. LT reduces claudin-5 expression. B, cells were treated with 
medium or LT. Where indicated, cells were pretreated with the ROCK 
inhibitor Rki (1 µM) for 30 minutes. After 72 h, monolayers were stained with 
Hoechst 33342 (blue, nuclei), and claudin-5 antibody (red) as described in 
Materials and Methods. Immunofluorescence images (400x magnification) are 
representative of three separate experiments. C, RNA was collected and 
analyzed for CLDN5 transcript relative to GAPDH by real-time PCR. Means ± 
SE for three separate experiments are shown. **, p < 0.01 versus medium; ***, 
p < 0.001 versus medium. 
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FIGURE 3.8. LT alters ZO-1 localization but not expression. A, cells were 
treated with medium (-) or LT for indicated time points. Whole cell lysates 
were collected and analyzed by Western blot for ZO-1. Blot was stripped and 
reprobed for actin as a loading control. Representative blot of three separate 
experiments is shown. B, cells were treated with medium or LT. Where 
indicated, cells were pretreated with the ROCK inhibitor Rki (1 µM) for 30 
minutes. After 72 h, monolayers were stained with ZO-1 antibody (red) as 
described in Materials and Methods. Immunofluorescence images (400x 
magnification) are representative of two separate experiments.   
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Together these data suggest that LT-induced TJ inhibition and reduction of claudin-5 is 

ROCK-independent.  

 

LT inhibits Akt/FoxO1 signaling 

Basal activity of the Akt signaling pathway is required for endothelial claudin-5 

expression through a mechanism that involves Akt-mediated inhibition of FoxO1 

through phosphorylation. Non-phosphorylated FoxO1 localizes to the nucleus of 

endothelial cells and binds to the CLDN5 promoter, suppressing transcription. In 

quiescent endothelial cells, basally active Akt phosphorylates FoxO1, resulting in its 

exclusion from the nucleus and allowing for efficient CLDN5 transcription (Figure 3.9) 

(200). To determine whether LT modulates this pathway, we analyzed p-FoxO1 levels 

by Western blot. We observed a nearly identical trend to the claudin-5 repression: p-

FoxO1 was decreased by 40% at 12 h, with a rebound at 24 h. At 48 and 72 h, p-FoxO1 

decreased by 50 and 70% respectively (Figure 3.10A). Consistent with the claudin-5 

data, LTm did not suppress FoxO1 phosphorylation (data not shown). In addition, LT 

reduced p-Akt levels by 25% at 24 h and 60% at 72 h (Figure 3.10B). Akt inhibition by 

LT was not prevented by Rki-pretreatment and was of identical magnitude to cells 

treated with LY29, a commonly used inhibitor of the PI3K/Akt pathway. Importantly, 

the kinetics of FoxO1 activation and Akt inhibition closely mirrored the reduction in 

claudin-5 protein expression suggesting that modulation of this pathway by LT is likely 

central to the claudin-5 repression. Meanwhile, the fact that Rki did not prevent LT-

mediated inhibition of Akt or reduction in claudin-5 expression suggests this pathway is 
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independent and appears to precede the ROCK-dependent morphological changes 

described above. 
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FIGURE 3.9. Regulation of claudin-5 expression by Akt and FoxO1 in 
endothelial cells. In the absence of Akt activity, non-phosphorylated FoxO1 
binds to CLDN5 promoter and acts as a transcriptional repressor. In endothelial 
cells, VE-cadherin cross-linking induces basal phosphorylation and activation 
of Akt which subsequently phosphorylates FoxO1. Once phosphorylated, 
FoxO1 is excluded from the nucleus, allowing for efficient transcription and 
expression of claudin-5 (200). 

FIGURE 3.10 (next page). LT reduces FoxO1 and Akt phosphorylation. 
Cells were treated with medium (-) or LT for indicated time points. Where 
indicated cells were pretreated with the PI3K inhibitor LY 294002 (10 µM) or 
the ROCK inhibitor Rki (1 µM) for 30 minutes. Whole cell lysates were 
analyzed by Western blot for p-FoxO1 (A) or p-Akt (B). Blots were stripped 
and reprobed for tubulin or Akt1 as a loading control. Representative blots are 
shown. Graphs represent Western blot densitometry (n ≥ 3). p-FoxO1 (B) and 
p-Akt (C) were normalized to loading control and presented relative to cells 
treated with medium. Dotted line in C indicates the sections were merged from 
different parts of the same blot. Data presented as means ± SE. *, p < 0.05 
versus medium; **, p < 0.01 versus medium; ***, p < 0.001 versus medium. 
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DISCUSSION 

 

Systemic anthrax is associated with severe vascular pathologies including 

edema, hemorrhage, and pleural effusion in clinical cases and in animal models (39,51-

53,196). Animals treated with purified LT also show similar vascular pathologies, 

suggesting that the direct interaction between LT and endothelial cells likely plays an 

important role in the pathophysiology of anthrax (57,58,60,62). These data are 

consistent with our previous findings that LT causes endothelial barrier dysfunction in a 

cell death-independent manner (67).  

Endothelial barrier function is regulated by AJs and TJs that are intermingled 

along the cell-cell junctional cleft (87). Though AJs and TJs are morphologically 

distinct, they are both characterized by adhesion molecules that promote homophilic 

interaction between neighboring cells. The major AJ component, VE-cadherin, is a 

single-span transmembrane protein that is unique to endothelial cells. TJs are 

characterized by another endothelial-specific adhesion molecule, claudin-5, which has 

four membrane-spanning regions. Another TJ component, Occludin, is also expressed 

in endothelium of the blood-brain barrier but is generally absent in other tissues (201). 

Importantly, the cytoplasmic tails of both VE-cadherin and claudin-5 are linked to the 

actin cytoskeleton via scaffolding proteins, including the catenin proteins for AJs and 

ZO proteins for TJs. In quiescent endothelium, the actin cytoskeleton plays a critical 

role in regulating the endothelial barrier by providing stability for the junctions. Due to 

the dynamic and selectively permeable nature of the endothelial barrier, there exist 
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several intrinsic signaling pathways for modulating the barrier in cases where controlled 

passage of proteins and leukocytes is beneficial. Infectious and/or inflammatory agents 

often trigger these same mechanisms to induce pathological barrier dysfunction.  

One of these mechanisms involves rearrangement of the actin cytoskeleton from 

barrier-protective cortical actin to stress fibers, a common consequence of bacterial 

cytotoxins (202). In endothelium, barrier disrupting contractile stress fibers are 

regulated by two kinases MLCK and/or ROCK both of which catalyze phosphorylation 

of MLC. As the pool of p-MLC is increased, myosin/actin cross-linking is stimulated, 

causing stress fiber formation (93,199). The present study shows that LT-induced 

morphological changes correlate with a greater than two-fold enhancement in p-MLC. 

This enhancement and the LT-induced stress fiber formation, cellular elongation and 

inter-endothelial gap formation were blocked by two ROCK inhibitors but not an 

inhibitor of MLCK suggesting the involvement of the ROCK/p-MLC pathway. We also 

found that LT caused a 40% decrease in VE-cadherin expression at 72 h, consistent 

with the altered immunofluorescence pattern and cell surface expression observed 

previously (67). Interestingly, the altered VE-cadherin expression was attenuated by 

ROCK inhibition suggesting it is likely a secondary event in response to the contractile 

phenotype. The importance of the ROCK/p-MLC pathway in LT-induced barrier 

dysfunction was highlighted by the significant reduction in albumin flux compared to 

LT alone. In contrast, TEER was not significantly protected suggesting that LT-induced 

barrier dysfunction may also involve mechanisms unrelated to ROCK/p-MLC-

dependent morphological changes.  
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Due to the important role of TJs in the endothelial barrier, we also assessed the 

effect of LT on claudin-5 expression. We observed significant reductions in mRNA and 

protein as early as 12 h, and greater than 80% protein reduction by 72 h. We showed 

that claudin-5 suppression was linked to LT-mediated reduction in Akt phosphorylation, 

a surrogate activity marker, and subsequent reduced phosphorylation of FoxO1. This is 

consistent with the role of non-phosphorylated FoxO1 as a CLDN5 transcriptional 

repressor (200). Importantly, the reduced FoxO1 phosphorylation closely mirrored the 

kinetics of claudin-5 suppression with an early significant reduction at 12 h, slight 

rebound at 24 h, followed by greater repression at 48 and 72 h. A similar pattern was 

also observed with Akt phosphorylation which was reduced by 25% at 24 h and 60% at 

72 h. LT inhibition of Akt phosphorylation was as potent as that produced by the widely 

used PI3K/Akt pathway inhibitor, LY 294002. Others have also reported that LT can 

inhibit Akt phosphorylation in T-cells and epithelial cells (203,204). Notably, claudin-5 

suppression and Akt inhibition were not protected by Rki providing support for a 

ROCK-independent mechanism. When combined with the ROCK/p-MLC-dependent 

contractile pathway described above, this implies that LT dysregulates the endothelial 

barrier by at least two mechanisms. Though these pathways may be independent, we are 

currently investigating the possibility that the ROCK/p-MLC-dependent morphological 

changes occur downstream of the claudin-5 repression. This hypothesis seems plausible 

since the reduction in claudin-5 expression (12 h) precedes the onset of morphological 

changes (> 24 h).  
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The existence of kinetically distinct ROCK-dependent and -independent 

pathways triggered by LT sheds light on the apparent contradiction between Rki-

mediated protection in the albumin flux assay and lack of protection in the TEER assay. 

Indeed, while the LT-induced morphological changes and reduction in VE-cadherin 

expression occur relatively late, the LT-induced claudin-5 suppression mirrored the 

kinetic pattern of TEER reduction suggesting this may be the major mechanism by 

which LT disrupts monolayer TEER. This is consistent with previous reports that TJs 

regulate the passage of small molecules (i.e. < 800 Da) and ions, while the passage of 

larger molecules is regulated by other junctions such as AJs (205,206). Accordingly, in 

the ROCK inhibitor/LT-treated cells, the AJs are relatively intact and able to restrict the 

albumin flux. However, the claudin-5 suppression was not prevented by the ROCK 

inhibitor which may explain the lack of protection in terms of the reduced TEER. 

Interestingly, a similar dichotomy was also found in cells treated with low levels of LT 

(1 ng/ml LF in the presence of saturating PA) (67). In these cells, as in the ROCK 

inhibitor/LT-treated cells, a minimal increase in albumin flux relative to untreated cells 

was observed but a substantial 40-50% decrease in TEER occurred in the absence of 

gross morphological changes.  

Another permeability-enhancing mechanism reportedly triggered by VEGF and 

certain pathogens involves tyrosine phosphorylation of the AJ components by Src 

family tyrosine kinases (87,96,207). This phosphorylation typically results in 

dissociation of the junctional components and reduced association with the actin 

cytoskeleton (99-101). In the present study, LT did not enhance the tyrosine 
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phosphorylation pathway suggesting that this mechanism does not contribute to the 

observed barrier dysfunction. 

We and others have shown that the MAPK and Akt pathways are inhibited by 

LT in vitro and in vivo (109,154,203,204). The MAPK and Akt pathways coordinately 

regulate a variety of processes including cell survival and proliferation (208,209), 

explaining why LT can potently arrest the cell cycle in many cell types, including 

endothelial cells (37). While the inhibition of MAPK pathways by LT is well known, 

the inhibition of Akt is comparatively less appreciated. It is also interesting to note that 

one of the major mechanisms by which Akt regulates cell survival and proliferation is 

through suppression of the Forkhead family of transcription factors, including FoxO1 

(210). The present findings suggest that the Akt/FoxO1 pathway may be a promising 

therapeutic target for counteracting the toxic effects of LT by regulating the endothelial 

barrier as well as cell survival. Indeed, the importance of the latter is highlighted by a 

study showing that the cell line THP-1 is able to recover from LT-mediated cell cycle 

suppression by adaptively activating Akt in continued absence of MAPK signaling 

(211). 

In recent years, numerous studies have focused on the potential use of matrix 

metalloproteinase-activated LT as an anti-cancer therapeutic. Initially, the focus of these 

studies was on the direct cytotoxicity of LT to tumor cells. However, the group of LT-

sensitive tumor cells identified to date seems to be limited to melanomas marked by a 

mutation in the BRAF gene (212). Alternatively, several studies have shown that LT 

also inhibits vascular morphogenesis and tumor endothelial angiogenesis. This results in 
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stunted growth of multiple tumor types in vivo and suggests that LT may be effective as 

a broad anti-tumor agent (213,214). While the antiangiogenic property of LT has thus 

far been attributed to MAPK inhibition, angiogenesis is a complex process that involves 

the coordinated response of multiple signaling pathways and molecules (215). Indeed, it 

is well established that the formation of new blood vessels requires VE-cadherin-

mediated interaction between adjacent endothelial cells, as well as modulation of the 

actin cytoskeleton, and many signaling proteins including Akt (216-218). Therefore, the 

data presented here may shed additional light on the antiangiogenic properties of LT.  

Antibiotic therapy is currently the primary option to treat anthrax. However, 

antibiotics are not effective in treating the later stages of an infection due to substantial 

toxemia (7,8,26). Toxin-directed therapies, including neutralizing antibodies as well as 

LF inhibitors are helpful but do not reverse established damage (66,219). In light of the 

profound vascular pathologies associated with anthrax, the elucidation of the molecular 

mechanisms by which LT induces endothelial barrier dysfunction may help identify 

potential targets for adjuvant therapies to prolong the therapeutic window by repairing 

the endothelium. Indeed, we have shown that LT does not induce major endothelial cell 

death in culture. We have also found that mitochondrial membrane potential and ATP 

production remain largely intact in LT-treated cells (data not shown). Together these 

data suggest that endothelial cells may be amenable to therapeutic intervention. The 

data presented above provide the first indications that LT-induced endothelial barrier 

dysfunction can be partially reversed in vitro by targeting intrinsic barrier-regulating 

mechanisms using small molecule inhibitors. Further studies are currently underway to 
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determine whether ROCK plays a role in vascular leakage that occurs in anthrax-

infected animals and whether the ROCK inhibitor Fasudil, which is currently licensed 

for use in humans, would be an effective adjuvant treatment in combination with 

standard antibiotics and antitoxins. 



 134

THESIS PERSPECTIVES 

 

The high mortality rates associated with inhalational anthrax, which are reported 

to be as great as 75%, are due in part to the difficulty of diagnosis early in the infection. 

Patients usually present with non-specific “flu-like” symptoms such as sore throat, mild 

fever, muscle aches and malaise (7,220). After several days symptoms become 

progressively worse and include severe difficulty in breathing, stridor, cyanosis, and 

shock. At this point, treatment may be of little use due to overwhelming toxemia. 

Diagnosis is confirmed by isolation of bacilli from the blood, pleural fluid, or 

cerebrospinal fluid and chest x-ray showing the characteristic widened mediastinum and 

pleural effusion (221). Diagnosis can also be aided by heightened awareness as 

occurred during the 2001 bioterrorism attacks, when mortality occurred in only 5 of 11 

people. Current therapies for inhalational anthrax include treatment with the antibiotics 

Ciprofloxacin or Doxycycline for a period of 60 days. A shorter antimicrobial course 

used in conjunction with post-exposure vaccination may also be beneficial since many 

patients are unlikely to conform to the prolonged regimen (222). However, even with 

aggressive treatment and supportive therapy, inhalational anthrax mortalities remain 

high. The reason for this is that post-exposure vaccination and antimicrobials, while 

effective in eliminating the bacteria, do not protect against the toxemia of an established 

anthrax infection. In addition, engineered drug and vaccine-resistant anthrax may also 

render these approaches completely ineffective (223). Antitoxins hold the promise of 

countering toxemia but their effectiveness may be limited in symptomatic individuals 
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that have already sustained the pathophysiological consequences of the toxin. Indeed, 

time of administration is a critical factor in the success rate of antitoxins in anthrax 

infection models. This important limitation was highlighted by our own research 

experience with chemical LF inhibitors and neutralizing antibodies to PA and LF. We 

found that these antitoxin strategies exerted potent barrier protection but only if applied 

close to the time of toxin exposure. Given the contribution of vascular dysfunction to 

anthrax mortality and morbidity, endothelial-directed compounds that halt or reverse 

toxin-mediated disease progression may prove to be highly beneficial and may be 

especially attractive as adjunct therapy. In this regard, understanding the molecular 

mechanisms by which LT contributes to the vasculitis and barrier disruption associated 

with anthrax is of great importance. 

As discussed in Specific Aims 1 and 2, LT differentially regulates TNF-induced 

pro-inflammatory gene expression in endothelial cells. As such, we found enhanced 

transcription of certain genes, including VCAM1, CD40, and IRF1. Down-regulated 

genes included SELE and CCL2. The molecular mechanisms involved in the differential 

regulation of endothelial pro-inflammatory genes were determined to be due to LT-

mediated alterations in activities of TNF-inducible transcription factors. Importantly, 

LT enhances NF-κB and IRF-1 activity as evidenced by enhanced nuclear translocation 

and DNA binding. LT also increases STAT1 activation as evidenced by enhanced 

phosphorylation at Y701, a surrogate marker for transcriptional activity. In contrast, LT 

blocks AP-1 activity as evidenced by inhibited DNA binding and reduced expression of 

c-Jun. Because LT cleaves MEK proteins, it is likely that LT also inhibits the activity of 
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other transcription factors downstream of MAPK signaling pathways. This led us to 

hypothesize that the net effect of LT on an individual TNF-regulated pro-inflammatory 

gene depends upon the transcription factors that regulate its expression (Figure 4.1A). 

For example, for CD40 and VCAM1, which are regulated by NF-κB, IRF-1 and STAT1, 

but not members of the AP-1 family, LT significantly enhanced transcription (Figure 

4.1B). For other genes, AP-1 family members are necessary for transcription. For 

example with CCL2 and SELE, LT inhibition of AP-1 activity significantly reduced 

expression in spite of the enhanced NF-κB activity (Figure 4.1C). Additional data 

supporting this hypothesis are provided in Table 4.1 which summarizes the effects of 

LT on the pro-inflammatory genes examined in this thesis and the transcription factors 

that regulate each gene. This Table shows that all genes regulated by NF-κB, but not 

AP-1, are significantly enhanced by LT-cotreatment. The enhancement is most dramatic 

for genes that are regulated by multiples of NF-κB, IRF-1, and STAT1, such as VCAM1 

and CD40. In contrast, two of the genes regulated by AP-1 family members were 

significantly decreased by LT-cotreatment. The one AP-1-regulated gene for which LT 

did not induce any net change in transcription was ICAM1. This may be due to the 

additional regulation of the ICAM1 promoter by STAT1. 

Of all the pro-inflammatory genes investigated in this thesis, the two maximally 

enhanced by LT are VCAM1 and CD40. The fact that both genes are regulated by IRF-1 

suggests that IRF-1 regulation plays an important role in whether or not LT-cotreatment 

enhances transcription of a given gene. One caveat is that both of these genes, and 

indeed the majority of TNF-regulated endothelial genes, are regulated by NF-κB. In  
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FIGURE 4.1. LT differentially regulates endothelial pro-inflammatory 
genes through opposing effects on important transcription factors. See 
accompanying text for discussion.  
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Fold ∆ (LT + TNF 
relative to TNF) 

Gene-Regulating Transcription 
Factors 

Genes: 6 h 12 h 24 h 
Qualitative 

∆ NF-κB IRF-1 STAT1 
AP-1 / 
c-JUN 

VCAM1 1.25 2.70 1.95 +++ x x   
IRF1 1.6 2.04 1.64 ++ x  x  
NFKBIA 1.50 1.49 1.65 + x    
HLA-C 1.06 1.25 2.31 ++  x   
CD40 1.69 2.68 2.89 +++ x x x  
ICAM1 1.08 1.28 0.77 ND x  x x 
SELE 0.13 0.18 0.44 --- x   x 
CCL2 0.60 0.60 0.85 -- x   x 

Legend   

Qualitative ∆ 
Maximum 

Fold ∆ 
Minimum 

Fold ∆ 
+++ > 2.5  
++ 2 - 2.5  
+ 1.5 - 2  
ND 0.75 - 1.5 0.75 - 1.5 
-  0.6 - 0.75 
--  0.25 - 0.6 
---  < 0.25 

TABLE 4.1. LT differentially regulates endothelial pro-inflammatory 
genes through opposing effects on important transcription factors. For 
each gene investigated in Specific Aims 1 and 2, the fold change in 
transcription (∆) in LT-cotreated cells relative to cells treated with TNF alone 
is given for 6, 12, and 24 h. As outlined in the legend, the most extreme 
enhancement or suppression of each gene was used to assign a qualitative 
grade for each gene. Grades range from most suppressed (“---“) to most 
enhanced (“+++”). Transcription factors that regulate each promoter are 
indicated by an “x” in the appropriate columns. ND, no statistically significant 
difference. 
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order to more precisely study the role of IRF-1, we investigated the effect of LT on 

expression of HLA-C. The HLA family of MHC class I genes are expressed on virtually 

all nucleated cells (224). HLA promoters are cytokine-inducible and contain NF-κB and 

IRF-1 binding elements. However, the NF-κB site in the HLA-C promoter is mutated 

causing the gene to be responsive to IRF-1, but not NF-κB (225). This allows us to 

study how LT alters transcription of a gene regulated by IRF-1 without confounding 

NF-κB regulation. Figure 4.2A shows that TNF weakly induced HLA-C transcription. 

In LT-cotreated cells, HLA-C expression was enhanced by more than two-fold at 24 h 

compared to TNF alone. This also correlated with increased cell surface expression of 

HLA-C in LT-cotreated cells at 24 h as measured by cell surface ELISA (Figure 4.2B). 

These data are consistent with the previously reported LT enhancement of IRF-1 

activity and demonstrate that the modulatory effect of LT on gene transcription is not 

restricted to NF-κB regulated genes. 

Interestingly, LT appears to universally inhibit expression of chemokines in 

endothelial cells. In addition to reduced MCP-1 expression described above, we and 

others have noted that LT inhibits expression of IL-8 and RANTES (68,81,226). LT has 

also been shown to inhibit chemokine expression in neutrophils and epithelial cells 

(227,228). Theoretically, this enhanced expression of the important adhesion molecule 

VCAM-1, and simultaneous reduced expression of chemokines could result in enhanced 

endothelial-leukocyte adhesion but decreased transmigration. Indeed, we have shown 

with in vitro co-culture experiments that adhesion of monocytes and neutrophils to LT-

cotreated endothelial cells is enhanced  relative to cells treated with TNF alone (68).  
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FIGURE 4.2. LT enhances HLA-C transcription and protein expression. A, 
cells were treated with medium alone, or medium containing LT, TNF, or both 
as described in Specific Aim 2 Materials and Methods. RNA was collected and 
analyzed for HLA-C transcript relative to GAPDH by real-time PCR. Means ± 
SE for a minimum of three separate experiments are shown. B, cells treated for 
24 h as indicated were analyzed by HLA-C cell surface ELISA. Values are 
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However, consistent with the reduced chemokine expression, transmigration through 

LT-cotreated endothelial monolayers is diminished compared to monolayers treated 

with TNF alone for both monocytes and neutrophils (Figure 4.3). In relation to anthrax 

pathogenesis, this phenomenon could be a plausible mechanism for the vasculitis 

observed in anthrax infections. Vasculitis, defined by the presence of leukocytes at or in 

the vessel wall, has been noted in murine and monkey models of inhalational anthrax 

(196,229). Vasculitis was also noted in cutaneous anthrax samples from the 2001 

bioterrorism attacks (52). In pathological analysis of patient tissue from the Sverdlovsk 

inhalational anthrax outbreak, vasculitis was noted in several different organs and was 

hypothesized to be a contributing factor for hemorrhages (53), highlighting a potentially 

important link between vasculitis and the vascular leakage pathologies of anthrax. 

Indeed, vasculitis-induced hemorrhage has also been noted in other diseases and is 

thought to occur because of the abundance of inflammatory mediators produced by 

leukocytes in close proximity to the endothelium, leading to vessel necrosis and 

subsequent leakage of blood into the tissue (79,230).  

As detailed above, systemic anthrax infection is highlighted by profound 

vascular leakage pathologies. In addition to the vasculitis-induced vessel disruption, 

there is also an important role of the direct interaction of LT with the endothelium in 

anthrax vascular pathology. This is highlighted by the fact that challenge of mice with 

purified LT induces edema and pleural effusion, while induction of hemorrhage is 

controversial (58,59). Further supporting this hypothesis, I show in the Results section 

of Specific Aim 3 that LT induces barrier dysfunction in primary human lung  
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FIGURE 4.3. Impaired migration of human monocytes and neutrophils 
through LT-cotreated endothelial monolayers compared to TNF alone. 
Primary human lung microvascular endothelial cells were grown to confluence 
on 12-well Transwell inserts (3 μm pore size). Cells were treated with medium, 
LT (1 μg/ml LF + 1 μg/ml PA), 0.2 ng/ml TNF, or LT + TNF for 24 h. After 
24 h, primary human monocytes or neutrophils were activated with TNF alone 
(no LT), stained with fluorescent Calcein AM, and added to the Transwells 
(3x105 cells / well). After 1 h, Transwell inserts were removed and five 
independent fluorescence images were taken of the bottom of each well. The 
number of transmigrated monocytes or neutrophils in each of the five images 
was averaged for each treatment and values are reported as the means ± SE for 
three separate experiments. **, p < 0.05 versus TNF.   
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microvascular endothelial cells, and provide a plausible mechanism for the LT-induced 

barrier dysfunction. In contrast, ET is an adenylate cyclase which has been shown to 

dramatically enhance barrier function through increased cAMP production (Figure 4.4) 

(231). Given this contrast, we questioned what the net effect on barrier function would 

be with simultaneous LT and ET treatment. In preliminary experiments, we found that 

compared to cells treated with LT alone, cells cotreated with LT and ET show a slight 

delay in the onset of barrier dysfunction, but the reductions are nearly identical after 12 

h, suggesting that the effects of LT on the endothelial barrier are dominant over those of 

ET in vitro (Figure 4.4).  

Another question is how the inflammatory response to the infection would 

impact the toxin-induced barrier dysfunction. Indeed, pro-inflammatory cytokines are 

well known to dysregulate endothelial barrier function (232,233). As discussed at length 

in the Introduction to this thesis, TNF, IL-1β, IL-6, have all been shown to be 

upregulated during an anthrax infection. Since it is reasonable to assume that expression 

of cytokines and toxins might overlap during an anthrax infection, especially in organs 

where the bacterial burden is high, it would be beneficial to understand the 

combinatorial effects of cytokines and LT on the endothelial barrier. To test our 

hypothesis that the combined treatment of cytokines and LT would synergistically 

disrupt the endothelial barrier, preliminary experiments were performed where cells 

were treated with LT and cytokines at concentrations that individually were expected to 

have minimal impact on barrier function. At these low individual concentrations, LT, 

IL-6 or TNF had minimal effect of barrier function while IL-1β produced a notable  
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FIGURE 4.4. ET-cotreatment does not protect from LT-induced barrier 
dysfunction. Primary human lung microvascular endothelial cells were grown 
to confluence on porous membrane inserts and treated with medium, LT (100 
ng/ml LF + 500 ng/ml PA), ET (10 ng/ml EF + 500 ng/ml PA), or both. At the 
indicated time points, TEER was measured as described in the Specific Aim 3 
Materials and Methods. Values shown are from a single preliminary 
experiment. Please note broken Y-axis above 200%. 
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increase in albumin flux. In line with our hypothesis, LT-cotreatment with each 

cytokine produced a synergistic decrease in barrier function as evidenced by increased 

albumin flux (Figure 4.5). Similar to the pathway characterized above for LT, cytokine-

induced actin stress fiber formation and barrier dysfunction has been shown to occur via 

a ROCK-dependent pathway, suggesting that the synergistic effect of cytokines and LT 

may involve hyperactivation of ROCK-induced contractile morphology (234,235). 

Indeed, this hypothesis is consistent with the fact that LT-cotreated cells undergo 

contractile morphological changes much earlier than cells treated with LT alone and of 

much greater severity than changes observed with cytokines alone (68). In addition, it is 

interesting to note that ANTXR proteins may be enhanced by cytokine treatment, 

suggesting another possible mechanism for the sensitization of endothelial cells to LT 

(236).  

Given the mechanisms for LT-induced endothelial dysfunction highlighted in 

this thesis, it is plausible to suggest several types of therapies which may be useful in 

alleviating the LT-induced endothelial damage. Indeed, several natural compounds and 

pharmacological agents have recently shown promise in their ability to restore barrier 

function and inhibit endothelial inflammation (237). These include the following 

compounds discussed below: sphingosine 1-phosphate (S1P), angiopoeitin-1 (Ang-1), 

simvastatin, and Fasudil. An important point to reiterate is that LT-treated cells remain 

viable suggesting that they may retain the ability to respond to these compounds. It will  

be of significant interest to examine the efficacy of these barrier promoting agents in 

delaying or reversing LT-induced endothelial dysfunction using our well established  
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FIGURE 4.5. LT and cytokines synergistically induce endothelial barrier 
dysfunction. Primary human lung microvascular endothelial cells were grown 
to confluence on porous membrane inserts and treated with medium or a low 
level of LT (1 ng/ml LF + 500 ng/ml PA). Where indicated, cells were 
cotreated with IL-6 (0.2 ng/ml), TNFα (0.2 ng/ml), or IL-1β (0.5 ng/ml). After 
72 h, albumin flux was measured as described in the Specific Aim 3 Materials 
and Methods. Values shown are from a single preliminary experiment.  
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endothelial culture system and endothelial barrier function assays, including 

measurement of TEER, albumin flux, and immunofluorescence staining of VCAM-1, 

actin cytoskeleton and AJ and TJ components.  

S1P, a phospholipid released by activated platelets, is constitutively present in 

plasma and, through interaction with its receptor S1P1, is thought to play a significant 

role in basal barrier function. S1P activation of cell surface G-protein coupled receptor 

(GPCR)-associated pathways, including Rac1, leads to endothelial barrier enhancement 

by promoting the organization of cytoskeletal actin into a strong cortical ring and 

assembling and strengthening adherens junctions (238-240). Importantly, S1P was able 

to reverse established barrier dysfunction induced by thrombin (241). In addition, S1P 

attenuated pulmonary edema formation in mouse and dog models of sepsis-induced 

acute lung injury, suggesting its potential therapeutic relevance (237).  

Ang-1, an endothelial cell-specific growth factor that binds to a unique receptor, 

tunica internal endothelial cell kinase-2 (Tie-2), enhances endothelial barrier function in 

vitro and in vivo. This protection is thought to involve modulation of Rho GTPases 

though the detailed signaling pathways regulated by Ang-1/Tie-2 are still emerging 

(242). Ang-1 has also been shown to inhibit expression of endothelial VCAM-1, though 

the mechanisms have not been characterized (243). 

Simvastatin, a member of the cholesterol reducing statin drugs, stimulates 

barrier restoration through a mechanism that involves the inhibition of Rho activation 

and simultaneous activation of the barrier protective Rac1 GTPase. This combination 

subsequently leads to reduction of phosphorylated MLC, and stress fiber formation 



 148

(244). Recent animal and human studies show that statins have protective effects in 

bacteremia and sepsis independent of their cholesterol-lowering effects (237). In 

addition, simvastatin has been shown to inhibit endothelial NF-κB activation and 

VCAM-1 expression, although the mechanism is not well understood (245). 

Fasudil is a potent ROCK inhibitor that is approved in Japan for the treatment of 

cerebral vasospasm, a consequence of subarachnoid hemorrhage. Fasudil may also be 

effective as a treatment of cardiovascular diseases including arteriosclerosis and 

coronary vasospasm (246). In vivo, ROCK inhibitors have been used to attenuate barrier 

disruption in an endotoxin-induced acute lung injury model (247). In vitro, ROCK 

inhibitors have been shown to protect against barrier dysfunction and stress fiber 

formation in response to the enzyme thrombin as well as barrier dysfunction induced by 

the malaria parasite Plasmodium falciparum  (248-250). These data suggest the 

therapeutic benefits of ROCK inhibitors may be partially attributable to their barrier 

enhancing properties on endothelial cells.  

While vascular pathologies has long been considered a hallmark of anthrax 

pathogenesis, there have been relatively few studies investigating the effects of B. 

anthracis or anthrax toxins on endothelial cells in vitro or in vivo. The novel findings 

presented in this thesis have provided a mechanistic basis for understanding the role of 

endothelial dysfunction in anthrax pathogenesis. Specifically, I provide novel insight on 

the molecular mechanisms by which LT alters the inflammatory response and barrier 

function of the endothelium, which may provide plausible mechanism for the vasculitis 

and vascular leakage that occurs during anthrax infection. In the future, it will be vital 
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to study whether these same mechanisms contribute to mortality and morbidity of 

anthrax-infected animals and whether these pathways may be amenable to therapeutic 

intervention.  
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