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ABSTRACT 

Exoenzyme S was shown to induce proliferation of irnrnunologicaily naive 

lymphocytes suggesting that it stimulates T cells as a mitogen. The proliferative response 

was dependent on accessory cells, independent of HLA-DR, and did not oligoclonaiiy 

stimulate T cells based on their VB expression. The early T ceil activation marker, CD69, 

was detected at Ievels intermediate between a panel of superantigens and mitogens, but did 

not precede detectable expression of other delayed markers of activation such as CD25 and 

CD7 1. Proliferative responses to exoenzyme S were significantly lower, and the kinetics 

more delayed when compared to proliferative responses to other mitogens. Further studies 

revealed that T ce11 responses to exoenzyme S was similar in healthy adults and CF patients 

and shown to induce significant apoptosis in vitro. Together, these data impiicate 

exoenzyme S as an important contributor to the pulmonary inflammation associated with 

chronic lung infection by Pseudumonas aenrginosa. 
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1.0 INTRODUCTION 

1.1 Cystic Fibrosis 

1.1.1 Defect, Disease and Infection 

Cystic fibrosis (CF) is an autosornai recessive genetic disorder that occurs in an 

estimated 1 in 2,500 Caucasian births in Canada and around the world [Corey and 

Farewell, 19961. It is the most common cause of pulmonary insuficiency in the fmt three 

decades of life [Davis, 19911. The main cause of death is respiratory insufficiency due to 

chronic obstructive pulmonary disease (COPD) [Davis, 199 1 1. Fortunately, advanced 

symptomatic treatment of the disease in Canada has increased mean survival age from early 

infancy in the 1940's to over 30 years in the 1990's [Corey and Farewell, 19961. Since 

Tsui et al. identified the gene responsible for cystic fibrosis in 1989, researchen have 

quickly tumed their focus to delivering a normal copy of the gene through the advancement 

of gene therapy [Zabner et ai., 19931, [Yei et al.. 19941, [Knowles et al., 19951. The most 

common gene therapy uses adenovims as the vector, however low viral infection rates and 

induction of dose-dependent upper and lower Yrway infiammation limits the use of doses 

necessary to correct the electrophysiological defect [Crystal et al., 19941, [Knowles et al., 

1 9951. Other gene therapy delivery me thods have showed even less promise [Caplen et al., 

19951, warshall et a l ,  19951. For these reasons effective symptomatic management of the 

disease is s u  the single most important determinant for long t e m  swival. 

The major defect in patients with CF is an inability of the cystic fibrosis 

transmembrane conductance regulator ( C m )  protein to regulate chloride ion transport in 

respiratory epitheliurn Pmmm et al., 19901, [Rich et al., 19901. Over 400 different 

mutations to the CFTR gene are known including missense mutations, premature stop 

codons, and frameshift mutations; the most common mutation of the CFTR gene (~F508) 

results in a significant impairment of expression and hence a functional defect Davis et al., 

19961. As a result, the impairment of chloride movement directiy or indirectly causes the 



increased absorption of sodium ions resulting in the epithelia to produce large quantities of 

viscid mucus [Davis et al., 19961. By its very nature the mucus becomes thick and difncult 

to remove comprornising the mucociüary clearance of the host. Soon after birth, CF 

patients acquire chronic bacteriai infection w hic h leads to a self-sustaining pulrnonary state 

of inflammation for the remainder of life Fick et al., 19841, [Berger et al., 19891, r o s i  et 

aL, 19901. Together, the infection and resultant inflammation destroys the ainvays, impairs 

gas exchange, and ultimately results in deah [Konstan and Berger, 19931. Although 

respiratory infection w ith Staphylococcus aurercs and Haemophilw influenzae occur in CF 

patients, chronic Pseudomonar aeruginosa bronchiolitis and bronchitis are the major source 

of morbidity and mortaIity in diese patients. Ultimately, P. aencginosa infection occurs in 

virtually al1 patients [Konstan and Berger, 19931 (Fig. 1). 

1.2 Pseudomonas aeruginosa 

1.2.1 Colonization of the Cystic Fibrosis Lung 

It is estimated that over 90% of adult CF patients are colonized with P. m g i n o s a  

Karaya-Cuasay et al., 19761, [Hoiby, 19821. The precise mechanism by which electmlyte 

defects lead to infection and inflammation has not been established. however a theory 

explaining the predilection of Pseudomonas sp. to the CF Iung has recently k e n  identified. 

It has k e n  demonstrated that epithelial ceiis derived from CF patients have increased levels 

of asialo-GM 1, a surface rnolecule that has been shown to bind P. ueruginosa [Saiman et 

al., 19931. The increased binding correlates with decreased sialic acid residues on the 

surface of these cells implying that P. uruginosa binds more effectively to asialo proteins 

(specificaily asialo-GMl) than it does to sialylated forms [Sairnan et al., 19931. These 

studies however, have been challenged primdy due to the inability to detect differences in 

binding between epithelial celis from CF and non-CF patients ~lotkowski et aL , 19921, 

[Cervin et al., 19941. More recently, it has been show that epithelial cells lacking CFTR 
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Fig. 1 Pathophysiological cascade of pulmonary disease in CF (modified from Davis et 
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expression are incapable of ingesting Pseuàomo~s ueruginosa in vitro [Pier et ai., 

1996aI. [Pier et aL , 1996bl. Binding assays using isogenic mutants suggested that the 

outer-core oligosaccharide portion of the LPS as the principal ligand mediating uptake [Pier 

et al., 1996al. The defect was specific for P. aeruginosa and Unplicates epithelial œli 

ingestion and desquamation as an important innate defense mechanism. Although the 

predilection for Pseudomonas aeruginosa to preferentidy colonize CF ainvays is not 

completely understood. the relationship between colonization and subsequent infection as 

they relate to CF pathogenesis is the focus of extensive research. 

Although there remains some debate as to whether the pulmonary Mammation 

seen in CF is solely a result of infection or whether there may be an inherent immune &fect 

(prompted mainly by studies that showed signs of inflammation in CF infants in the 

absence of infection [Armstrong et al., 19951, [Khan et al., 1 WS]) ,  it has certainly been 

well established that accelerated decline in pulmonary function increases upon acquisition 

of mucoid phenotypes of Pseudomonas [Henry et al., 19921, [Demko et al., 19951. In fact. 

a likely scenario explaining the clinicai manifestations characteristic of CF has ben  

sugges ted [Pier et al., 1 996b]. h i  tially , impaired mucociliary clearance and defective 

uptake by epithelial celis (Iacking hinctional CFTR) of non-mucoid, smooth LPS isolates 

promotes initial colonization by P. aeruginosa. Follow ing colonization, the bacteriurn 

changes its surface phenotype to express incomplete LPS (futher protecting itself from 

ingestion) and produces numerous vinilence factors directly darnaging the airway. Finally, 

a vigorous and ineffective immune response ensues. conaibuting significantly to the 

respiratory damage typical of CF patients. 

1.2.2 Virulence Factors 

Despite k ing  equipped with numerous vinilence factors, P. aeruginosa is primarily 

an opportmistic human pathogen infecting only the immunocompromised [Buret and 

Cripps. 19931. Factors such as pili and mucoid exopolysaccharide (MEPhlginate) have 



both been shown to mediate adherence to buccal epitheliai cells Woods et al., 19801, [Hata 

and Fick. 19911. Other studies have suggested a role for alginate in the scavenging of 

reactive oxide intemediates [Simpson et al., 19891, the impairment of both opsonic and 

non-opsonic phagocytosis Manie et al., 19791, [Hahn and Kaufmann, 198 11, and the 

general decrease in leukocyte function [Mai et al., 19931. Other enzymes such as elastase 

and alkaline protease are associated with inactivation of innate, humoral and cellular 

cornponents of the immune response to P. aeruginosa [Kharazmi, 19891. Suppression via 

these enzymes is mediated through proteolytic digestion and inactivation of: complement 

proteins [Schultz and Miller, 19741, cytokines such as interleukin-2 (IL-2) [Theander et ai., 

19881, interferon-y ( I M - y )  [Horvat et ai., 19891, Nmor necrosis factor-a (TNF-a) 

[Parmely et aL. 19901 and immunoglobulin proteins Fick et al., 19851. There are yet other 

factors such as leukocidin and exotoxin A which are cytotoxic to neutrophils and 

macrophages respectively [Sc harmann et al.. 19761, [Pollack and Anderson, 19781. 

Exotoxin A has dso been shown to directly affect T ce11 function [Holt and Misfeldt, 

19861. Exoenzyme S is another virulence factor closely related to exotoxin A. however, 

insight into its role in immune deviation. activation, or suppression has remained, for the 

most part, undefined. 

1.2.3 Exoenzyme S 

1.2.3.1 Biochemistry 

Two decades ago, exoenzyme S was fxst identified as an ADP-ibosyltransferase 

distinct frorn exotoxin A [Iglewski et al., 19781. Two proteins of different molecular mass 

CO-puified with enzymatic activig. Under reducing conditions in SDS-PAGE gels, two 

immunologically relateci forms of exoenzyme S were isolated; the 53 kDa form (now 

termed Exo T or Exo 53) and the 49 kDa fom (Exo S or Exo 49) [Nicas and Iglewski, 

19841. It has now been established that these two closely related forms of exoenzyme S 

(75% amino acid identity) are encoded by separate genes (Kulich et al., 19951. ADP- 



ribosylation by exoenzyme S is dependent on the presence of the ubiquitous factor 

activating exoenzyme S (FAS) [Coburn and Gill. 19911. Sequence analysis assigned FAS 

to be part of the widely conserved 14-3-3 family of proteins. which interestingly, are found 

only in eukaryotes and are prirnarily involved in cellular signal transduction Fu et al., 

19931. The primary in vitro targets for ADP-ribosylation by exoenzyme S are vimentin 

[Cobum et al., 19891, an intermediate filament. and a number of low molecular weight 

GTP-binding proteins of the ras superfamily [Cobum et aL, 19891, [Cobuni and Gill, 

1991 j. It should be noted that the in vivo targeu of exoenzyme S have not yet b e n  

identified. 

Despite the signifiant homology between the two forms of exoenzyme S. the rate 

of ADP-ribosylation by Exo T is only 0.2% of the rate by Exo S [Yahr et al., 19961. 

Deletion mapping experiments demonstrated that exoenzyme S possesses two functional 

domains. The amino-terminal domain consists of 99 amino acids and is required for 

aggregation and secretion while the carboxyl terminal domain encodes 222 amino acids 

responsible for enzymatic activity [Knight et al., 19951. However, studies with exoenzyme 

S to date have failed to identiS a putative 'B' domain of a typical A:B bacterial toxin. 

1.2.3.2 Regulon 

Snidies that characterized the exoenzyme S locus have shed Light on the regdation 

of its production. Complementation analysis of Pseudomoms aemghosa strain 388 

ex.s::Tn 1 mutants (exoenzyme S deficient) with the plasmid pDFlOO resulted in restoration 

of exoenzyme S production and secretion Frank and Iglewski, 199 11. Further mapping 

revealed the exoenzyme S regulon contained the structurai gene for Exo S and Exo T as 

weil as the tram-regulatory locus encoding several open reading frames Frank and 

Iglewski, 19911. The trans-regdatory locus consists of exsA, exsB, exsC, and exsl). 

ExsA appean to be the central regdatory factor for the production of exoenzyme S (Exo S 

and Exo T) [Goranson et al., 19971, for the production of other exoproducts such as Exo 



U [Finck-Barbancon et al., 19971, and for a nurnber of extracellular proteins thought to be 

involved prirnarily in the translocation and secretion of exoenzyme S [Goranson et al., 

19971. 

Sequence analysis of the proteins encoded within the exoenzyme S regulon showed 

homology to exoproducts encoded by the Yersinia YOP vinilon (Frank and Iglewski, 

19911. Similady, exoenzyme S has also k e n  shown to be secreted by a type III secretion 

system [Yahr et al.. 19961, Frithz-Lindsten et al., 19971. This was demonstrated clearly in 

cytotoxicity assays which confmed that both intact ExsA [Sawa et al.. 19971 and 

bacteriahost ce1 contact were needed to mediate delivery of exoenzyme S into sensitive 

eukaryotic targets [Apodaca et al.. 19951 [Olson et al., 19971. More recently however, 

exoenzyme S has been shown to act as an ecto-ADP-ribosyltransferase extending its 

physiological importance beyond the described type III delivery system [Knight and 

Barbieri, 19971. 

1.2.3.3 Role of in Lung Disease 

Much work has been done regarding the importance of exoenzyme S as a vinilence 

factor in both acute and chronic Pseudumonas ueruginosa infections [Nicas and Iglewski, 

19841, [Nicas et al., 1985a], [Nicas et al., 1985b3, [Woods et al., 19851, Woods et al., 

19861, [Woods et ai., 19881, [Woods et al.. 19891, [Kudoh er ai., 19941. Greater than 

90% of sputum samples from CF patients contain exoenzyme S-producing isolates (Woods 

et al., 19861. Moreover, increases in pathology and mortality rates have k e n  associated 

with exoenzyme S producing strains compared to non-producers in the rat mode1 of chronic 

P. aeruginosa lung infections [Woods and Sokol, 19851, indicating that exoenzyme S plays 

a prominent role. Most noticeably, increased exoenzyme S production in the Iungs of CF 

patients chronicaily colonized with P. aerugimsa was accompanied by acute detenoration 

of pulmonary function [Grimwood et al., 19931. Other CF snidies have shown that 

exoenzyme S levels (but not bacterial load) faU foliowing antibiotic treatment of punilent 



exacerbations correlating with clinicai arnelioration [Grimwood et ai., 19891, [Grimwood et 

ai.. 19931. Together, these studies demonstnte that exoenzyme S must be considered a 

principal virulence factor capable of causing significant morbidity in CF patients. 

1.2.4 Host Defense to 

A number of different immune cells are involved in effective host defense to 

Pseudomonas aeruginosa. Central to this are alveolar macrophages and polymorphonuclear 

neutrophils. Much work has k e n  done demonstrating the importance of these leukocytes in 

the phagocytic kiliing of Pseudomonus aerugimsu [Speert et ai., 19841, [Rosales and 

Brown, 199 11, [Sundararn et al., 199 11, [Buret and Cnpps. 19931. Clearly however, Our 

knowledge of the inflammatory process in response to Pseudomonus cleruginosu is 

incomplete as strategies aimed at controliing it have had limiteci success. In an effort to 

increase Our knowledge, studies have exarnined the contribution of other immune celis in 

host defense to this bacterium. Researchers have begun focusing more attention to the role 

of T lymphocytes for many reasons. Fintly, the number of T lymphocytes in the lung can 

increase several-fold in the course of immune reactions against inhaled antigens [Weissman 

et ai., 19941 suggesting they play an important role in host defense in the lung. Secondly, a 

major role of these T cells is to produce lymphokines capable of activating dveolar 

macrophages, nanual killer cells and polymorphonuclear ceiis for efficient killing of 

infectious agents [Platsoucas, 19821. [Brummer and Stevens, 19841, Murray et ai., 

19851. These studies have demonstrated the importance of a functional arm of cellular 

immunity in pulmonary defense. 

The importance of ceil mediateci imrnunity (CMI) in pulmonary defense to P. 

aeruginosa has previously been weii established. The role of cellular immunity as a 

mechanism of host defense to P. aemginosu has corne from studies showing that T ceiis 

proMerate to whole organisms I vitro [Powoil et al., 19831, Markhm et ai., 19851. 

Other researchea have also demonstrated that T lymphocytes play an important in vivo role 



in host defense to infection with P. aerugimsa as it has been shown that adoptive transfer 

of T lymphocytes from immune animals cm confer protection to non-immune recipients, 

even in the absence of granulocytes [Powderly et al.., 19861. A study fiom Markham and 

colleagues demonstrated that splenic T cells isolated from immune mice are capable of 

significant kiliing in vitro upon reexposure to P. aeruginosa markham et al., 19841. 

Although macrophages were necessacy for T cell-mediated in vitro killing, they neither 

functioned as antigen presenting cells nor as phagocytic cells. The kiIling ability of the T 

celis was non-specific as it was shown that T cells harvested fiom the spleens of mice 

immunized with P. aeruginosa were able to kill E. coli and S. aureus in vitro with the same 

efficiency markharn et al., 19841. Interestingly. the presence of macrophages was not 

necessary during the in vitro exposure to the bactena, but a prior interaction with immune T 

cells was obligatory for optimal bactericidal affect. In a subsequent study, it was 

demonstrated that the ability of macrophages to enhance T ce1 killing of Pseudornonar 

oeruginosa could be replaced by exposure to recombinant IL- 1 [Markham et al., 19851. To 

date however, the lymphokine responsible for the direct T ceii-mediated kiiiing of 

Pseuàomonas aeruginosa has not k e n  identified. Although. T celi production of 

interferon-y has been shown to possess anti-viral capabilities [Moms et al., 19821, [Leist et 

al., 19891. the notion that T ceiis produce bactericidal lymphokines is relatively novel. 

Therefore, in addition to the well characterized function of T cells as immunoregulators (via 

the release of cytokines), T celis must also be recognized for their direct ability to kill 

extracellular bacteria such as Pseudomonus aeruginosa. 

Although no primary immune deficiency appears to be associated with CF pavis, 

19851, [Pier, 19851, patients invarîably fail to clear the organism from the lungs. In this 

regard, studies have show that ineffective in vitro lymphocyte responses to P. aemginosa 

correlate with advanced puimonary disease in CF patients [Sorensen et al., 19771, 

[Sorensen et ai., 19781, [Sorensen et ai., 19791, [Sorensen et al., 198 11, suggesting that 

secondary defects in cellular immunity may be contributing to the pathogenicity of 



Pseudomonas aeruginosa infection. Unforturiately, strategies to prevent or control infection 

are in part limited because the mechanisms responsible for the unsuccessful eradication of 

the bactena are still poorly understood. Therefore, the possibility that a failure of local T 

ceIl irnrnunity may account for persistent pulmonary infection in CF is of considerable 

interest and must be thoroughly investigated. The purpose of these studies was to 

chvacterize the T lymphocyte response to exoenzyrne S in order to shed light on the 

potentid physiological contribution of this exoproduct to the pathogenicity of Pseudomonus 

aencginosa chronic lung infection. 

1.3 T Cells 

1.3.1 T Ce11 Activation and Proliferation 

Activation of resting T cells is centrai to establishing theû regulatory and effector 

functions. Normally, activation of quiescent T celis by antigen (Ag) results in their 

differentiation and transition from Go/G 1 to S phase of the ceil cycle. Each T ce11 expresses 

a single dB (or y/6) heterodimenc T ceil receptor (TCR) and hence every T cell has oniy 

one antigenic specificity. The physiological consequence of this is that recognition of a 

particular foreign antigen activates only a smaii subset of the greater than 1016 T ce1 clones 

[Davis and Bj orkman, 19881. Therefore, soon after activation and differentiation, the 

percentage of responding antigen-specific T cells increases and allows for a more efficient 

clearance of the antigen. 

The T cell receptor, unlike surface immunoglobulin on B ceUs (BCR), can oniy 

recognize Ag presented by antigen presenting cells (APC) in the context of major 

histocompatability molecules (MHC) [Katz et ai.. 19731, [Zinkernagel and Doherty. 19791. 

Therefore. T lymphocyte recognition of foreign antigen is a result of the complex 

interaction between TCR, antigen, and MHC. However, efficient activation resulting in 

effector T cell functions (Le. T ce1 help for B cells, cytokine secretion, or cytotoxicity) 

requires multiple receptor-ligand interactions occurring between the T cell and APC [van 



Seventer et ai., 199 11, wondino and Jenkins, 19941, wingren et ai.. 19951. It should be 

noted that the requirement of these interactions for proper T cell activation is not empincal; 

studies have shown that different antigens, antigen presenting cells, and for that matter, 

different effector functions require some, but not ail of these signds [Springer et al., 

19871, [van Seventer et al., 19901, [Lucas et al., 1 9951, [Bac hmann et al.. 19961, [Kundig 

et al., 19961, [Bachrnann et a!., 19971. Furthemore, the absence of one or more 

costirnulatory molecules necessaiy for the response may deliver a negative signai to the T 

ceIl resulting in clonai unresponsiveness (anergy ) [Schwartz, 19901. 

T cell recognition of antigen in the context of MHC and in the presence of proper 

costirnulatory molecules delivea a cascade of intracellular signal transduction events which 

typicaily culminates in cytokine production and proliferation [Crabtree, 19891. The T cell 

receptor is associated with. and signals via, proteins of the CD3 complex (consisting of a 

heterodimer, a 6~ heterodimer and a 54 homodimer) [Clevers et ai.. 19881, [Alarcon et 

ai., 199 11. Four main and interrelated events occur after antigen presentation to T celis; 1 ) 

phosphorylation of membrane proteins by protein tyrosine kinases (PTK), 2) 

phophatidylinositol membrane hydrolysis, 3) phosphorylation of cytosolic proteins by 

protein kinase C (PKC), and 4) increases in cytoplasrnic C& 

One of the earliest events which occurs immediately after TCR sùmulation is the 

translocation and docking of p56'ck from the intracellular dornain of the CD4 or CD8 

molecule to one of the three imrnunoreceptor tyrosine-based activation motifs (ITAMs) 

found on the cytoplasrnic component of the 1; chains of the TCR/CD3 complex [DeFranco, 

19951. This allows the doclung of p59fyn (dso a PTK) via its src-homology domain which 

recognizes the newly phosphorylated tyrosine residues on the 5 chah. A k r  binding, it too 

is phosphorylated and activated. Presumably, this d o w s  for the direct or indirect docking, 

phophorylation and activation of the third PTK, ZAP-70. In a still poorly defmed 

mechanism, ZAP-70 may couple the TCR to more disral i n ~ e l l u l a r  signaiîing events such 

as the activation of phophatidylinositol phopholipase C-yl (PEPLC-YI), perhaps through a 



G-protein intermediate [Peter et al.. 19921, [Sancho et al.. 19931. PI-PLC-y1 caialyzes the 

hydrolysis of the phospholipid phophatidylinositol 4,5-bisphophate (PtdInsP2) which 

results in two breakdown products; inositol 1,4,5-triphosphate (IP,) and diacylglycerol 

(DAG). The former is important in the release of intracellular stores of sequestered ~ a "  

while the latter activates PKC. Elevated calcium favors its association with calmodulin 

which is necessary for the activation of the phosphatase. calcineuin. Ultimately, 

caicineurin phosphorylates cytoplasrnic nuclear factor activating T cells (NFAT,) which 

uanslocates into the nucleus and acts as a co-transcriptional activator of early gene 

expression. In addition to inducing the release of the transcnptional factor NF-& from its 

repressor and its subsequent nuclear translocation, another immediate downstream target of 

PKC is the G-protein Ras, which has k e n  shown to activate a number of signai- 

transducing effectors mquierdo et al., 19921. One of the best characterized effectors is 

Raf- 1 [Avmch et al., 19941 aithough others have also been identified [Deng and Michael. 

19941, [Rodriguez-Viciana et al., 19941, van  et al.. 19941. M e r  GTP binding and 

activation in the cytoplasm, Raf- 1 has been shown to induce transcription of the cellular 

protooncogene c-fos [Kortenjann et al., 19941. The activating protein- 1 (AP- 1) 

transcription factor is composed of the homodimer foslfos or of the heterodirner fos/jun 

[Cumn and Franza, 19881 and in tandem with NFAT and NF-& bind to their respective 

consensus sequences in the IL-2 promoter and induce IL-2 gene transcription [Crabtree, 

19891. IL-2 is a powefil T and B celi growth factor which can work in an autocrine and 

paracrine fashion, bind to surface IL-2 receptors, and promote growth and differentiation in 

response to antigenic stimulation [Greene, 19861. It should be noted that the requirement 

for transcriptionai factors is specific for the gene in question and therefore only certain 

genes are transcribed whîie others are not. The cietennination of whch genes are 

uanscribed therefore depends on the transcriptional factors available, and more specifically 

on the signding pathway (s) used to hi tiate the production/ac tivation of these factors. 



Other stirnuli that have a unique mechanism of T cell activation different frorn 

typical antigens, are also capable of inducing T ce11 proliferation and differentiation and are 

tenned rnitogens and superantigens. Mitogens are typically plant lectins which polyclonally 

induce massive T lymphocyte proliferation of naive T cells [Nowell, 19601. The exact 

mechanism of T ce11 activation is not understood. however is thought to be the sumation 

of binding of these lectins to a number of distinct molecules in addition to the TCR Muelier 

et al., 19891. The response requires accessory cells but does not require major 

histocompatability complex (MHC) molecules [Sopori et al., 19871, mahorsen et al., 

19881. Superantigens on the other hand, are produced by some bacteria and vimses and are 

a unique type of mitogen because they stimulate T cells based on the expression of the Vo 

chah of the TCR [Kappler et ai., L9871. Superantigens induce T cell proliferation by 

crosslinking MHC class II molecules of accessory cells with the Vf3 chah of the TCR 

[Dellabona et al., 19901. Because of these mechanisms. the frequency of responding T 

cells to mitogens and superantigens is approximately 1 : 1 O and 1 :20 respectively. cornpared 

to 1 : 10"- lo5 for recdl antigens [Vose and Bonnard. 19831, [Licastro et ai., 19931, [Scherer 

et al., 19931. The physiological consequences of rnitogenic activation of T cells (by 

mitogens or superantigens) are significant. Recentiy, the possibility that bacterial and virai 

rnitogens contribute to host evasion in vivo has been proposed. Unlike antigens that are 

generally capable of generating an effective immune response leading to clearance of the 

organism, mitogens induce a transient state of hyperactivation resulting in the release of a 

nurnber of cytokines which prornote a non-specific infiammatory state methke et af., 

19931, [Scherer et al., 19931. After this initial stage, lymphocytes are rendered 

unresponsive (anergie) [Ignatowicz et al., 19921, or are signaled to undergo apoptosis 

[Jenkinson et al., 19891, parnle et aL, 19931, WcCormack et al., 19931, effectively 

reducing their effector functions. Mitogens therefore, tend to induce an overd impairment 

of T ce11 function and ceil mediated immunity . 



It has previously been shown that p a t e r  than 90% of adult volunteers had a 

proliferative response to exoenzyme S mody et ai., 19951 suggesting that exoenzyme S 

may be a mitogen. The possibility that exoenzyme S may be stimulating T cells as a 

mitogen has nurnerous implications with respect to the pathogenesis of Pseudomonar 

aeniginosa infection in CF. Firstly, a local and non-specific inflammatory response 

resulting frorn hypersecretion of lymphokines, such as interferon-y or the colony 

stimuiating factors from exoenzyme S-activated T cells in the pulrnonary cornpartment rnay 

hyperactivate other immune cells including aiveolar macrophages and neutrophils as weil as 

alveolar epithelium. In turn, these cells may also contribute to the inflammation by the 

secretion of proinflammatory cytokines, reactive oxide intermediates, and chemokines. 

Together, an exaggerated and hannfi.11 infimatory response ensues which may, in a 

feedback mechanism, l e d  to a cycle of further ncruitment and activation of other 

lymphocytes, monocytes, and neutrophils from circulation. This scenario may contribute to 

the chronic pulrnonary inflammation characteristic of CF patients. In this regard, it has 

recently been shown that PA0exsA::Omega (an exoenzyme S mutant) induced significantly 

less IL-8 (neutrophil chemokine) compared to the wildtype strain in a bioassay, suggesting 

that partial production of this proinflammatory cytokine can be directly attributable to 

exoenzyme S [Tang et al., 19961. It has previously k e n  shown that the high morbidity and 

monality rates reiated to P. aemginosa infection seen in CF patients is in large part be due 

to lung damage caused by substances released by neutrophils during activation and 

phagocytosis [Berger et al., 199 11. On the other hand endobronchial inflammation induced 

by P. aemginosa infection varies in resistant and susceptible strains of mice worissette a 

al., 19951. More precisely, the lack of recruitment of inflammatory cells into the airways is 

seen selectively in susceptible straùis of mice and correlates with increased bacterial burden 

and rnortality rates. Thenfore, there seems to be a delicate balance between the initiation of 

a controlled infiammatory response capable of competent clearing of the airspace and one 

which is deregulated, non-specific and resdts in chronic idammation and tissue 



destruction. Thus, the notion that T cells are important orchestrators of immune responses 

and serve as a link between the specific and innate amis of the immune system, underlies 

the importance of understanding their role in the pulmonary infiammation seen in CF 

patients. 

Another functional consequence of rnitogenic activation of recruited T cells by 

exoenzyme S rnay be to induce T cell apoptosis or induce a state which renders hem 

anergic. This leads to a functional inactivation of recruited T cells. This inabiiity of T ceus 

to exen their effector functions rnay also conttibute to the irnpaired ability of these patients 

to clear Pseudomonas aeruginosa from their lungs. 

1.3.2 CD69 Expression 

'T ce11 activation' is an arnbiguous term unless one defines its meaning. That is, 

activation rnay refer to any one of a number of events a T cell may undergo including: 

tyrosine phosphorylation. G-protein activation. cytoplasrnic alkalinization, ca2+ flux, 

protooncogene expression, cytokine secretion, upregulation of surface molecules, blast 

transformation (prolifention), and apoptosis to name a few. Depending on the activation 

marker king investigated and its relative proximity to the initial stimulus. one cm infer the 

relative state of activation of the T cell. In other words, if a T ce1 underwent blast 

transformation in response to a given stimulus, virtualiy al other events in the cascade 

would have also had to occur, as they are upstream and contingent for T cell proliferation 

[Crabtree, 19891. Normally, such a T cell would meet aL1 the defuitions for 'T aAl 

activation'. On the other hand. certain stimuli may only induce a few, but not all activation 

events; typicdy, signals most proximal to the stimulus event would remain intact while 

latter, more distai events such as proliferation may be absent Muelier et al.. 19891, [Paine 

et al., 199 11, [Rabinowitz et ai., 19961. Altematively, negative signals may be transduced 

leading to T ce11 anergy [Schwartz, 19901. 



One of the earliest cell surface molecules expressed by T cells following activation 

is CD69 [Cebnh et aL, 19881. It is expressed as a 6û kDa orphan receptor which contains 

an extemal C-type lectin domain capable of binding many different sugar moieties [Ziegler 

et al., 19941. Transcripts are detecwble d e r  30 minutes and decline by 4-6 hours, while 

surface expression is detectable by 2 hours and decreases with a Tln of 24 hours if the 

stimulus is withdrawn [Testi et ai., 19891. The key signalhg event is Ras activation and 

more specifically, activation of the downstream effector Rd-1 [Taylor-Fishwick and 

Siegel. 1 9951. Interestingly, CD69 transcription has recently been shown to be dependent 

on AP- 1 which is activated by Raf-1 [Castellanos et ai., 19971. This is the fvst description 

which identifies the link between TCR stimulation and upreguiation of CD69. 

Altematively, CD69 transcription can be induced alter culture with cytokines such as TNF- 

a through an NF-KB-dependent mechanism [Lopez-Cabrera et ai., 19951. However, the 

kinetics of TNF-a-induced expression of CD69 is delayed (appearing at 16 hrs.), and is 

dependent on high doses of TNF-a exposure (50 ng/ml) b6pez-Cabrera et al., 19951. 

Nonetheless, this clearly demonstrates a redundancy in the regdation of CD69; different 

stimuli and therefore different signal transduction pathways lead to the activation of distinct 

transcriptional regdators, each capable of binding to their respective consensus sequences 

in the CD69 promoter. CD69 expression has been shown to be a prerequisite for 

proliferation under most circurnstances [Risso et al., 199 11, [Caruso et al., 19971 and has 

also been correlated with T cell apoptosis [Kishimoto et ai., 19951, wu et al., 19971 

consistent with the fact that CD69 expression can be induced via any number of 'private' 

signal transduction pathways. 

1.3.3 T Cell Apoptosis 

As rnentioned previously, mitogens and superantigens are capable of inducing T 

cell apoptosis [Jenkinson et al., 19891, [Damle et al., 19931, (McCoxmack et ai., 19931. 

Apoptosis is a form of ce1 death which is distinct and mutually exclusive from necrosis 



[Darzynkiewicz et aL., 19971. It is an active and physiological mode of ceil death, in which 

the ce11 itself designs and executes the program of its own demise. Events associated with 

necrosis are rnitoc hondrial swelling, plasma membrane rup tue. and release of cytoplasrnic 

constituents into the extracelIular milieu wajno and Joris, 19951. Unlike necrosis (thought 

of as 'cell murder'), apoptosis (also cded 'cell suicide') can be identifed by cell 

shrinkage, membrane phospholipid translocation, condensation of nuclear chromatin. DNA 

degradation into multiples of 180 base pairs. and the formation of apoptotic bodies, 

although not al1 characteristics need to be present @arzynkiewicz et ai.. 19971. In late stage 

apoptosis. the plasma membrane becomes mMed and begins to bleb in a way more 

pronounced than for necrosis. The ceil begins to break up into apoptotic bodies which are 

packets of cytosol and DNA surrounded by intact plasma membrane [Cohen. 19931. 

Importantly, these bodies are sealed and maintain their osmotic gradients and hence no 

spilling of noxious intracellular constituents is allowed. which is one of the main 

differences between necrosis and apoptosis [Cohen, 19931. The apoptotic process can be 

divided into three functionally distinct phases: initiation, effector. and degradation 

[Kroemer et al.. 19971. During the initiation phase, ceils receive their death inducing 

signais which are specific for the lethal stimulus, while during the effector phase, activation 

of endogenous proteases (caspases) occun and the 'decision to die' is taken. During the 

degradation phase, an increase in overall entropy occurs due to substantiai protein 

degradation and DNA fragmentation. 

The most physiologically important form of T ceil apoptosis is activation-induced 

ceii death (AICD) [Kabelitz et ai., 19931, which is triggered through TCR/CD3 stimulation. 

In its several forms it is central to the development, regdation and function of the immune 

system and is particularly important in the generation and maintenance of immune tolerance 

[Smith et al.. 19891, [Liu and Janeway, 19901, [Russell et al., 199 11, MAdamio et aL, 

19931. AICD is necessary for clonai downsiUng and therefore is thought to be important in 

the downregulation of the immune response to antigenic stimulation [Crispe, 19941. 



importantly. there is an ever increasing body of literanire demonstrating the capabilities of 

bacteria (or their products) to induce apoptosis in a number of different immune cells 

[Zychlinsky et al., 19921, [Kochi and Collier, 19931, Wahl et al., 19931, [Chen et al., 

19961, [Monack et al., 19961, [Rogers et al.. 19961 wonack a ai., 19971. Therefore, the 

deregulation of apoptosis can be exploited by bactena and should be considered as a novel 

and important mechanism of host evasion. 

hponantly, with respect to the pathogenesis of P. nemginosa infection in CF, 

there is evidence to suggest that recruited T cells may be predisposed to apoptosis 

compared with circulating lymphocytes. Although most of the T cells in the lung are 

thought to be recruited fiom the circulation, lung and blood T cells differ in a number of 

important respects. Firstly, virtudy al1 lung T cells express the memory phenosrpe (i.e. 

CD45RO), while approximately equal numbers of T ceils express either memory or naive 

(i.e. CD45RA) phenotypes in the circulation [Dominique et al., 19901, [Saltini et al., 

19901, [Strickland et al., 19931. Other, more recent markers of activation, such as HLA- 

DR and VLA- 1, are also preferentially expressed on lung T cells Davidson et al., 19851, 

~amaguchi et al., 1990). Down-modulation of the TCR-CD3 cornplex, known to be 

associated with ment activation, is also a characteristic of T celis isolated from the lung 

Iyarnaguchi et al.. 19901. Together, these results suggest that lung T cells possess an 

activated phenotype compared to penpheral T cells. Irnportantly , these phenotypic 

differences between lung and blood T ceiis have k n  associated with a number of in vitro 

differences in T ceil function. Compared to circulating T cells, lung T ceils have been 

shown to respond poorly to some proliferative stimuli [Holt et aL, 19881, [Lecossier et al., 

19881 and have also been shown to produce skewed patterns of cytokine secretion [Holt et 

al., 19881, [Garlepp et al., 19921. Because activated T cells are hypersensitive to the 

induction of AICD [Kabelitz et al.. 19931, [Crispe, 19941, it may dso be mie that lung T 

ceils may be more prone to apoptotic death induced by cenain stimuli than would T cells 

from peripheral circulation. Indeed, Herry and colleagues have ~cently demonstrated that 



lavage T cells isolated from healthy adults showed a significantly greater loss of viability 

following in vitro culture compared to peripherai T cells. and that this loss was attributable 

to increased induction of apoptosis merry et al., 19961. The possibility then exists that T 

cells which are recmited to the lung in individuals with CF and exposed to P. aemginosa 

and its exoproducts may have a predisposition to undergo AICD, assuming that T ce1 

exposure to these exoproducts can induce heightened T ce11 activation. 



1.4 Summary 

Previous shtdies from our laboratory reported that a purifed preparation of 

exoenzyme S induces T cells to proliferate in over 95% of adults wody et al.. 19951. The 

high frequency of aciult responden suggests that exoenzyme S may be stirnulating T celis 

as a mitogen or superantigen. If exoenzyrne S were a rnitogen or a superantigen, it rnight 

have quite different clinical implications for the CF patient than if it were an antigen. As a 

result, the large percentage of lymphocytes could initiate an inflarnrnatory reaction rather 

than an antigen specific immune response. This codd promote two intenelated events; 

firstly, it may conmbute to the chronic and deleterious state of inflammation seen in the 

lungs of CF patients through the release of proinfiammatory cytokines, and secondly, it 

may impair host clearance of the organism via induction of T cell anergy or apoptosis. 

1.5 Specific Aims 

The objective of this research was to detexmine the mechanism of T celi 

activation by exoenzyme S. This study contains three specifc a h :  

1 ) To determine whether exoenzyme S activates T cells as an antigen, superantigen, 

or as a rnitogen (sections 3.1 - 3.3) 

2) To investigate one of the consequences of activation of T ceiis by exoenzyme S 

(healthy adults - section 3.4.1 ; CF patients - section 3.4.2) 

3) To examine whether rExoS from Pseudurnonar uemginosa strain 388 and 

ExoS/DG 1 induce a similar mode of T ce11 activation (section 3.5) 



2.0 METHODS AND MATERIALS 

2.1.1 Purification of Exoenzyme S from Pseudornonas 
aeruginosa Strain DG1 

Purification was performed as previously described Woods and Que. 19871. 

Briefly, P. aenrginosa DG 1 was grown in aerated S media containing 1 g NH4C1. 3 g 

NqHP04.5 g NaCl, O. 1 g MgS04, and 27 g sodium succinate (per liter of distilled waier) 

for 18 hours at 320C. Cultures were then centnfuged at 40C for 20 minutes at 10,000 x g. 

Ammonium sulfate was added slowly to the culture supernatant to 60% saturation and 

incubated overnight at 40C. Supernatants were then centrifuged at 15,000 x g for 30 

minutes at 40C to obtain the precipitated protein. The precipitate was dissolved in 100 ml of 

0.05 M Tris hydrochloride buffer (pH 8.0) and dialyzed overnight at 40C against 6 liters of 

the same buffer. The dialyzed materiai was then applied to a DEAE-Sephacel column 

(Pharmacia) previously equilibrated in Tris buffer. Elution was performed using a linear 

gradient of 0.01 to 1 .O 1 M NaCl in Tris buffer. Protein containing fractions were collected 

by mevuring the absorption at 280 nm. The fractions eluting at 0.4 to 0.5 M NaCl were 

then pooled and additional NaCl was added to make the fmal concentration I M. This 

solution undenvent acetone precipitation (acetone previously cooled to -2OOC) in a ice-salt 

bath, never allowing the solution temperature to rise above 3OC. When the acetone 

concentration reached 33%, the solution was aiiowed to cool to OOC and equilibrated for 15 

minutes. The acetone solution was cenuifuged at 5.000 x g for 20 minutes at OOC and the 

precipitate was redissolved in a small volume of Tris b a e r  and dialyzed ovemight at 40C 

in 6 liters of the same buffer. The dialyzed material was hal ly  applied to a G-100 gel 

fdtration column previously equiiibrated in Tris buffer and protein containing fractions 

were detected by measuring the A280 Endotoxin levels were measured using the Limulus 

amebocyte lysate kit (Associates of Cape Cod; Woods Hole, Maryland) as per 

manufacturer's protocol and determined to be less than 0.2 g per pg of exoenzyme S. This 



concentration of LPS does not cause T lymphocyte activation (CD69) at 4 hours or 

proliferation ('H-T~R incorporation). 

2.1.2 Purification of Recombinant Exoenzyme S from 
Pseudomonas aeruginosa Strain 388 

Recombinant exoenzyme S was purified from P. aeruginosa strain PA 103 inserted 

with the pUCPexos expression vector as previously descnbed [Knight et al., 19951 and 

was a kind gift from Dr. Frank and Dr. J. Barbien (U. of Wisconsin). The former 

preparation will be referred to as exoenzyrne S (Exo S/DG 1 ) and the latter as recombinant 

exoenzyme S (rExo S). 

2.1.3 Antibodies 

The monoclonal antibody, 9-49-9, was raised against exoenzyme S purified from 

P. arruginosa DG 1 Woods and Que, 19871. B riefly , purified exoenzyme S was dialyzed 

agYnst 0.1 M Tris buffer (pH 8.0) containhg 1% fornalin and 0.2 M 1-lysine 

(Calbiochem-Behring, La Jolle, California) at 37OC for 72 hours. This toxoid preparation 

was again dialyzed against 0.2 M L-lysine-saline solution (0.85% NaCl, pH 6.3) at 4OC for 

48 hours and used a s  the irnmunogen for rnAb production. BALB/c mice were injected four 

times intraperitoneally with 50 pghl  exoenzyme S toxoid on days 0, 7, 14, and 2 1. Three 

days after the final injection, spleens were removed and splenocytes fbsed with NS- 1 ceiis 

(non secreting myeloma ce11 line; 10: 1) using 50% (wt/wt) polyethylene glycol. Fused celIs 

were then transferred into microtiter plates at a density of 6 x 10'' in HAT medium for 14 

days. The tissue culture supematants were then tested for the presence of monoclonal 

antibody to exwnzyme S by ELISA. Hybndomas producing exoenyme S mAbs were 

transferred to HT medium and cloned by Iimiting dilution. 2 x 1o6 ceils were injected into 

pristane primed rnice for ascites tumor induction and ascites fluid collected. 



2.1.4 Sodium Dodecyl Sulfate Polyacrylamide Gel 
Electrophoresis (SDS-PAGE) 

SDS-PAGE was performed by the method of Laemmli (Laemmli, 1970). Proteins 

were separated using a discontinuous gel system: 10 or 15% acrylarnide resolving gels and 

4% stacking gels were utilized Gels were prepared from stock solutions of 30% 

acrylamide plus 0.8% N,N, 19-methylene-bisacrylamide. water, the catdyst N,N,N' .NT - 

tetramethyl ethylene diamine (TEMED) and the initiator ammonium persuifate which was 

made fresh each Ume. Proteins were reduced in sarnple buffer (62.5 mM Tris-HCI, pH 

6.8, 10% glycerol, 2% SDS, 5% fhnercaptoethanol. 0.0025% bromophenol blue) and 

boiled for 5 minutes. Samples were then loaded in the gels and subjected to electrophoresis 

using the Mini-Protean II vertical electrophoresis ceil system (Bio-Rad). The running 

buffer was made (25rnM Tris-base, 192 rnM glycine, 0.1% SDS, pH 8.3) from five-fold 

stock solution. Samples were run at room temperature at a constant voltage of 120V and 

visualized using Coomassie brilliant blue stain. 

2.1.5 Immunoblotting 

Samples which were run on SDS-PAGE gels and not stained with Coomassie were 

electrophoretically transferred to rnethanol activated immobilon P paper (MilLipore. 

Bedford, Massachusetts ) at 10V overnight at 4 ' ~ .  Again, the Mini-Protean II vertical 

electrophoresis ce11 system was used. Towbin's transfer b u f ' r  (25 m M  Tns-base, 192 mM 

glycine, 0.1 % SDS, 20% rnethanol) was used for oveniight transfer. Transfer was verifed 

by visualization of prestained molecular weight markers (Sigma). The immobilon was 

blocked using 0.58 miik in Tris buffered saline (TBS - 0.9% NaCl, 20 mM Tns-HCl, pH 

7.5) for 30 minutes at 32"C or up to an hour at r o m  temperature and washed 3-5 tixnes (5 

minutes each) in TBS before detection. The immobilon was incubated for 45 minutes at 

32°C in the presence of the monoclonal antibody 9-49-9 previously diluted at 1:1000. 

Excess antibody was washed off as before with TBS. Peroxidaseconjugated polyvalent 



goat anti-mouse (Sigma) was used at 1 : 2 0 0  as the secondary antibody and incubated as 

above. Chloronapthol (Biorad, Richmond, California) in methanol (30mg in 10 mls) was 

mixed with H202 in TBS (3w in 50 mis) and used as the chromogenic substrate. 

2.1.6 ADP-ribosyltransferase Assay 

The sugar transfer capacity of exoenzyme S preparations was determined using a 

previously described method [Iglewski and Sadoff, 19791. Briefly, 10 pi of exoenzyme S 

was mixed with 25 pI reaction buffer (50 mM Tris-HCI, pH 7.2, 0.1 mM EDTA, 40 mM 

DTT), and 5 pl of cl4 NAD in triplicate 5 ml tubes. As a source of FAS. 25 pi wheat germ 

extract was added. The reaction took place at 24OC for 20-30 minutes at which point the 

reaction was stopped by addition of 100 pi 10% TCA. Tube contents were filtered through 

a millipore apparatus and washed with two volumes of 5% TCA. Counts per minute were 

determined by iiquid scintillation and is a reflection of the amount of ADP-ribose 

(radiolabelled) that is transfered to TCA precipitable proteins fiom NAD. Tubes contauiing 

reaction buffer and radiolabelled NAD were used to determine background counts. 

2.1.7 Cellular Isolation 

2.1.7.1 Peripheral Blood Mononuclear Cells and Fetal Blood 
Mononuclear Cells 

Peripheral blood was obtained by venipuncture from healthy adults. PBMC were 

isolated by centrifugation ( 8 0  x g, 20 min.) over Ficoll-Hypaque density gradient (C-six 

Diagnostics hc., Mequon, Wisconsin). Mononuclear celis were haxvested and washed 

t h e  times in Hank's balanced salt solution (HBSS) (Gibco, Burlington, Ontario). Blood 

was also collected from the umbilical vein of fkesh human placenta and fetai blood 

mononuclear cells (FBMC) were isolated in similar manner as PBMC. Residual red blood 

cells were removed by a 3-5 minute lysis treatment (0.15 M NH4Cl. 0.01 M NaHC03, 

0.001 M EDTA). Viable celis were then counted by trypan blue exclusion as visuakd by 

light microscopy . Cells were resuspended in medium containing RPMI 1640 (Gibco), 5% 



human AB senun (BioWittaker, Waikersville, Maryland), 100 uniCslm1 of penicillin, 1 OO 

pdml streptomycin, 0.25 pg/d  arnphotericin B. 2 rnM L-glutamine, 1 rnM sodium 

pyruvate. and 0.1 rnM nonessentiai amino acids (dl from Gibco). 

2.1.7.2 T Lymphocytes and Monocytes 

To isolate T cells, PBMC were plated in petri plates (Coming Glass Works, New 

York, New York) in the presence of RPMI for 1 hour at 37OC and non-adherent 

populations were collected by rinsing twice in medium. The non-adherent cells were then 

rosetted to 2-aminoethylisothiowonium brornide (AEQ-treated sheep red blood cells 

(S RBC; Cedarlane, Homby , Ontario) as previously described [Kano f, 19961 with rninor 

modifications. Briefly, 20 ml AET solution was added to 5 ml washed SRBC for 15 

minutes at 37°C. AET-treated SRBC was made to 5% by addition of 20% HS-RPMI. 

AET-SRBC was added to non-adherent cells (cl0 x 106 celldrnl) at a 1:2 ratio. The 

suspension was incubated at 37OC for 10 minutes, centrifuged (500 x g, 10 min.), and 

refrigerated overnight. Rosette positive cells were finally passed through a nylon wool 

column [Julius et al., 19731 and non-adherent cells were coiiected. T cells isolated in this 

fashion were typically >95% CD3' as analyzed by fiow cytometry. Cells that were 

adherent to plastic after a 1 hour incubation and irradiated (3000 rads) were used as a 

source of accessory cells. 

To obtain C D ~ ~ R A '  and CD45RO' enriched cells, non-adherent celis were 

depleted of CD45RO or CD45RA c e k  by irnrnunomagnetic separation. Briefly, non- 

adherent ceils were incubated with either anti-CD45RA (L.48) or anti-CD45RO (UCHL-1) 

antibody (Becton Dickinson) for 30 minutes at 4OC under gentle agitation. The celis were 

then centrifuged (800 x g, 10 min.) and the supernatant discarded. The cells were washed 

three Urnes in PBS containhg 2% fetai calf senun (Gibco). M-450 conjugated goat anti- 

mouse antibody (Dynabeads, Dynal, Oslo, Norway) was added at bead to target ceil ratio 

of 3: 1 for 10 minutes at 4OC under gentle agitation. The labelled ceiis were removed using a 



magnet (Dynal). The eMched populations contained <3% contaminating ceiis of the 

reciprocal subset as analyzed by flow cytometry. hdia ted  adherent ceiis (3000 rads; 1 x 

i d )  were added (1: 1) to the e ~ c h e d  cells as a source of accessory cells. 

2.1.8 T Lymphocyte Activation 

1 x 106 celis were washed 3 times in cold wash PBS (PBS with 1% FCS, 0.1% 

NaN3) and mVted with a saturathg amount of the appropriate monoclonal antibody. 

Fluorescein-isothyocyanate (FITC)-conjugated anti-CD25 (anti-IL-2 receptor) (Becton 

Dickinson, San Jose, California) or FîTCconjugated anti-CD7 1 (anti-transfemn receptor) 

(Becton Dickinson) was added in conjunction with peridinin chlorophyll (PerCP)- 

conjugated anti-CD3 (Becton Dickinson). An antibody cocktail containhg phycoerythm 

(PE)-conjugated CD69/CD3 PerCP (Becton Dickinson) was also used to measure early T 

ceii activation. Appropriate FITC-conjugated or PE-conjugated isotype controls (all from 

Becton Dickinson) were used in conjunction with CD3-PerCP in ail experirnents. After 4 

hours cultured ceiis were labelied with anti-CD69-PUanti-CD3-PerCP (Becton Dickinson). 

T cells were gated on their side scatter venus CD3-PerCP profile and then analyzed for the 

expression of the activation markers CD69, CD25, or CD7 1. Positive cells were defined as 

those with a fluorescent intensity beyond the margin established on the negative controls. 

The percentage of cells above this threshold was subtracted [rom percentage of positive 

cells in experimental groups. In some experiments, FIT-conjugated anti-V$ mAbs (V$-2, 

-3, -5a, -Sb, -Sc, -6, -8, -12, -13; a i i  from T Ceii Diagnostics) or FiTC-conjugated anti- 

CD4 or anti-CD8 (Becton Dickinson) were used in conjunction with CD69-PWCD3-PerCP 

for simuitaneous three color imrnunolabeliing. FlTCconjugated and PEconjugated isotype 

rnatc hed antibodies (IgG,-mUgG,-PUCD3-PerCP; Becton Dickinson) were used as 

control antibodies. The percentage of cells within each Vp subset that expressed CD69 was 

determined at 4 hours. Net values were caiculated by subtracting the percentage of positive 

ceils in the unstimulated group from the values of the experimental groups. After 7 days of 



culture, the total number of cells in each Vp subset was also determined. Ruorescent 

analysis was perfonned using Lysis II software on a FACScan fluorocytometer (Becton 

Dickinson). The percentage of activated C D ~ '  and C D ~ '  T cells was determined by two- 

color dot plot analysis. Activated T ce11 subsets were determined by dividing the number of 

double positive cells (quadrant 2) by the sum of double positives (quadrant 2) and single 

positives (quadrant 4) (Le. 100 x [cD~+/cD~~']/cD~+ or 100 x [CDS+/CD~~+]/CD~+). 

2.1.9 IL-2 Bioassay 

Culture supernatants were harvested at 24 hour intervals up to 7 days incubation 

and IL-2 production measured using either of the IL-2 dependent cell lines, CTLL-2 

(ATCC TIB 214) or HT-2. 100 n g h l  anti-TAC monoclonal (Boehringer Mannheim) was 

added to cultures 24 hours prior to collection of supernatants. A standard curve was 

constructed using serial dilutions of purified NL-2  (Pharmingen. San Diego, California) 

where 1 U was defuied by using the BRMP (Biological Response Modifiers Prograrn) 

standard. Afier 24 houn incubation, cells will be pulsed with 1 pCi 3~-thymidine (ICN) 

for an additionai 24 hours, harvested on glass filters. and counts per minute determined by 

liquid scintillation counting. 

2.2.0 Lymphocyte Proliferation Assay 

Exoenzyme S (10 - 0.001 pg/ml) was added to 2 x 10S PBMC (or FBMC) and 

incubated for 7 days (predetemined optimal day for proliferation, wody et al., 19951) in 

96-well round bottom plates (Nunc, Roskilde, Denmark). Eighteen hours before the end of 

incubation, 1 pCi of 'H-TdR was added. Cells were harvested on giass fdters, and counts 

per minute (CPM) determined using a liquid scintillation counter. Values shown are the 

mean of quadruplkate wells f standard error of the mean (SEM) in CPM (103). As 

controls, the superantigens (Staphylococcd enterotoxins -A. -B, -C2, -E and TSST-1; 

Toxin Technologies; Sarasota, Florida) and the rnitogenic Iectins (concanavalin A, 



phytohemagglutinin; Sigma, St. Louis, Missouri) were al1 used at lpg/rnl and harvested on 

day 3. Tetanus toxoid (10-2 Lf units; Co~aught ,  Willowdale, Ontario) was used as a mail 

antigen control and harvested on day 7. 

For major histocompatability (MHC) molecule blocking experhents, anti-DR mAb 

(L243, Becton Dickinson) was washed t h e  times in PBS before use to remake azide. 

PBMC (2 x ld )  were pretreated for 1 hour with 3 &ml anti-DR or isotype matched control 

(Becton Dickinson) and then stimulated with or without 1 @ml exoenzyme S for 7 days. 

As a positive control. PBMC were stimulated with TSST- 1 and used io ensure that anti-DR 

can block class Il-mediated responses. 

2.2.1 Apoptosis Assays 

2.2.1.1 Propidium Iodide Staining of DNA 

Propidiurn iodide staining for DNA quantification was performed as previously 

described (Douglas et al., 1995). Carnptothecin (Aldrich, Milwaukee, Wisconsin) was 

used at 1 as a positive control to induce apoptosis [Darzynkiewicz et al., 19971. 

Briefly, cell cultures (2 x 106) were harvested ;ifter incubation with the appropnate 

stimulus, washed twice in wash PBS (10 minutes, 400 x g) and fixed with the slow 

addition of 2 ml 75% ethanol (-20°C). Cells were incubated for at least 1 hour at -20°c, 

centrihiged and washed as before. RNAse (1 rng/ml) (Type 1-A, Sigma, St. Louis, 

Missouri) and propidium iodide (50 &ml) (Sigma) was added 15 minutes pnor to 

analysis. Propidium iodide intensity was analyzed using the Lysis II program on a 

FACScan fluorocytometer (Becton Dickinson). 

2.2.1.2 DNA Fragmentation by Agarose Gel Electrophoresis 

Cultures were harvested and resuspended at a concentration of 108 per ml and DNA 

isolation was perfonned using the TACS Apoptotic DNA laddering kit (Trevigen, 

Gaithersburg, Maryland) following the manufacturer's protocol. Briefly, cells underwent 



lysis and phenol-based DNA extraction. Extracts were centrifuged, the aqueous layer 

collected and DNA was precipitated using a 1: 10 volume of sodium acetate and 2-propanol 

at -20°C. DNA samples were run in a 1.5 % Trevigel at constant voltage for 60 minutes in 

a horizontal gel apparatus (Gibco BRL). 

2.2.1.3 Detectfon of Phosphatidylserine Upregulation 

PBMC (8 x 103 were harvested after incubation with appropriate stimuli and 

stained as before with FITC-conjugated anti-CD3. After washing twice in wash buffer, 2 x 

l d  Fm-labelled cells were resuspended in 150 pi of binding buffer (25 m M  cd+ in 

HEPES buffend saline). 10 of PE-conjugated annexin V (R&D) and 10 p i  of 5 pglml 7- 

ADD (Sigma) were added for 15 minutes and incubated in the dark. Before FACS analysis 

an additional 350 pl of binding buffer was added. AU samples were d y z e d  within 30 

minutes. T lymphocytes were gated on their side scaner versus CD3-FTïC profde and then 

andyzed for fluorescence in FL2 (annexin) and FL3 (7-ADD). Healthy cells are double 

negative, cells undergoing early events associated with apoptosis wdl be FL2 positive and 

FL3 negative, and cells in later stages of apoptosis will be FL2 and FU positive. 

2.2.2 Statistics 

Values are expressed as means k standard error of the mean (SEM). Statistical 

analysis was perfomied by linear regression, paired analysis of variance (ANOVA - SPSS , 

SPS S hc.. Chicago, Illinois), two-sample, two-tailed paired S tudent's t test, or repeated 

measures of A M N A  based on the pair-wise Laird-Ware mixed mode1 (Staîaquest; Stata 

Corporation. CoiIege Station, Texas). P4.05 were considered significant. 



3.0 RESULTS 

3.1 Exoenzyme S as a T Ce11 Mitogen 

The measurement of rnitotic activity by 'H-T~R incorporation into newly 

synthesized DNA reflects ceil cycle transition from Go or G I to S phase and is one of the 

most frequently used assays for T ceil proliferation. Previously, these experiments 

performed in our laboratory have shown that exoenzyme S is capable of inducing 

lymphocytes to proliferate [Mody et al.. 19951. It was established in those experiments that 

the optimal response to exoenzyme S occurred on day 7, at 10 p g h l  and 4 x 10' PBMC 

per microtiter well mody et al.. 19951. In my experirnents however, there was no 

observable difference in the magnitude of the response when using either 1 pglml 

exoenzyme S and 2 x 10' PBMC or 10 @ml exoenzyme S and 4 x 10.' PBMC per 

microtiter well (stimulation index; 1 @nl, 2 x 10' PBMC = 10.53; 10 p&d,  4 x 10' 

PBMC = 9.66). Therefore, in di subsequent experiments 1 @ml of exoenzyme S was 

used in conjunction with 2 x 10' PBMC per microtiter well unless otherwise stated. It 

should be noted that human proliferative responses to exoenzyme S (or any stimulus for 

that matter) in vitro are quite heterogenous in nature and therefore a significant portion of 

experiments had marginal or insignificant stimulation indeces in response to exoenzyme S . 

The data presented herein will. in part. help explain the reason for this apparent 

inconsistency . 
Although T lymphocytes were previously shown to be the predorninant ceil type 

that was k ing  stirnulated by exoenyme S wody et ai.. 19951, the mechanism of action 

was not investigated. In order to more precisely detemine whether exoenzyme S was 

stimulating T cells as a mitogen, the ability to induce immunologically naive lymphocytes 

(fetal blwd mononuclear celis and adult CD45RA' T cells) to proliferate was determined. 

Exoenzyrne S was capable of stimuiating fetd cord lymphocytes to proliferate. FBMC 

showed a dose dependent proliferation to exoenzyme S between 0.5 - 10 @mi while 

tetanus toxoid (a recall antigen control) did not induce ~ i ~ c a n t  proliferation (Fig. 2). 



This result suggests that exoenzyme S is capabie of stimulating naive T lymphocytes to 

proliferate. 

CD45R.A is an isoform of the CD45 molecule that is expressed by naive T cells 

while CD45RO is expressed by memory T cells [Prince et al., 19921. To determine 

whether T cells bearing the CD45RA isoform are capable of proliferating to exoenzyme S. 

non-adherent adult cells were depleted of either CMSRA* or CD45ROf cells. CD45RA- 

enriched, and CWSRO-e~ched cells were stimulated with exoenzyme S in the presence of 

irradiated adherent cells as a source of accessory cells. Exoenzyme S was capable of 

inducing both CD45RA-e~ched and CD45RO-enriched populations to proliferate (Fig. 

3A). This demonstrates that T cells expressing the phenotype of naive and memory ceus 

proliferate to exoenzyme S. Conversely, the recail antigen tetanus toxoid couid only induce 

CD45RO-enriched cells to proliferate, while the T ce11 mitogen phytohemaglutinin (PHA) 

induced significant proliferation in both CD45RA- and CD45RO-e~ched cultures (Fig. 

3B). Taken together, these results are most consistent with exoenzyme S stimulating T ceus 

as a mitogen. 

The ability of exoenzyme S to induce early activation in both CD45RA' and 

CD45RO' T cells was also shown in a preliminary experirnent. The ratio of activated (cells 

that expressed CD69) CD45RA cells to CW5RO cells stimuiated with exoenzyme S was 

similar to PHA-stimulated cultures (Fig. 4), while tetanus toxoid predorninantly activated 

ceils enriched for the memory phenotype. In short, exoenzyme S is capable of inducing 

naive lymphocytes to proliferate; although statistically significant, the degree of 

proliferation was consistently lower than control mitogens. Therefore, the ability of 

exoenzyme S to activate T celis, regardless of their CD45 isotype expression, is consistent 

with its ability to induce both populations into cell cycle. 



Fig. 2 Fetal blood mononuclear cells prouerate in response to exoenzyme S .  

FBMC (2 x 105) were cultured with ten-fold dilutions of exoenzyme S (0.1 - 10 &ml) or 

10-2 Lf units of tetanus toxoid for 7 days. The experiment was perfonned twice with 

similar results. *, P ~ 0 . 0 5  calculateci by ANOVA compared to unstimulated group; NS , 

non-signifiant ciifference compared to unstimulated group. 
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Fig. 3 Proliferation of T ce1 subsets in response to exoenzyme S. CD45RA- 

e ~ c h e d  (solid bars), and CD45RO-e~ched (strîped bars) T cells were culnired with 

inadiated accessory celis in the presence of Ipg/ml exoenzyme S (Exo S), 1 0 2  Lf uniu 

tetanus toxoid (Panel B) or lpg/ml phytohemaglutinin (PHA - Panel B). Cultures 

stimulated with PHA were harvested on day 3 and cultures stimulated with exoeruyme S or 

tetanus toxoid were harvested on day 7. The experiment was repeated three tirnes with 

similar results. *, P ~ 0 . 0 5  calculated by ANOVA compared with corresponding 

unstimulated group. 
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Fig. 4 Activation of T ce11 subsets in response to exoenzyme S. PBMC, CD45RA- 

enriched, and CD45ROenriched T ceik were stimulateci with lpglrnl exoenzyme S (Exo 

S), 1 0 2  Lf units tetanus toxoid (Panel B) or l@nl phytohemaglutinin (PHA - Panel B) 

for 4 hours. Sarnples were harvested and labelled with anti-CD69-PU anti-CD3-PerCP. 

The percentage of CD3 ceils in each group expressing CD69 was determined. This 

experiment was repeated with a sirnilar result. 



To funher determine whether exoenzyme S was activating T cells as an antigen or a 

rnitogen, the requirement for accessory cells and presentation by major histwompatability 

(MHC) molecules was determined. T cells can be stimdated to proliferate by a variety of 

mechanisrns which have different accessory ceIl requirements. Mitogens require accessory 

cells to provide costimulatory rnolecules that are necessary for T ceil stimulation [Sopori et 

al., 19871. in contrast, maU antigens must be taken up by accessory cells (in this case 

termed 'antigen presenting cells'), processed internally, and presented in the context of 

MHC to T cells [Brodsky and Guagliardi. 199 11. Lastly, pharmacological treatment of 

purified T cells with a phorbol ester and calcium ionophore induces signifrcant lymphocyte 

proliferation even in the absence of accessory cells [Truneh et al., 19851. Expenments were 

therefore designed to determine whether the prolifentive response was dependent on 

accessory cells (as is the case for antigens or mitogens) or whether exoenzyme S is capable 

of bypassing the cell surface molecules that are required for physiologic T cell responses 

(Le. pharmacological agents). T cells were stimulated with or without irradiated accessory 

cells. Exoenzyme S could not induce the T ceil e ~ c h e d  population to proliferate. but 

addition of inadiated accessory cells reconstituted the response (Fig. 5A) suggesting that 

the proliferative response of T cells to exoenzyme S is dependent on accessory cells. To 

ensure that T cells were depleted of accessory ceiis, concanavalin A was used. T cells were 

incapable of proliferating to concanavalin A unless irradiated accessory cells were added 

suggesting a high degree of purity was attained (Fig. SB; [Sopori et al., 19871). Together 

this data implies that exoenzyme S does not activate T cells non-specifically as a 

pharmacological agent, but rather induces T ceii proliferation in a rnanner that is dependent 

on the presence of accessory cells. 

The previous expenments were able to show that accessory cells are required for T 

cell proliferation to exoenqme S. In order to detennine whether MHC molecules were 

involved in the presentation of exoenzyme S, we pretreated PBMC with ami-DR or isotype 
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Fig. 5 Antigen presenting cells are required for T ceii proliferation to exoenzyme S. PBMC 

or purified T cells with and without accessory ceiis were incubated with 1 pglrni 

exoenzyme S (Exo S - Panel A) or 10 pg/ml concanavalin A (Con A - Panel B). Cultures 

stimulated with Con A were harvested on &y 3 while cultures stimulateci with exoenzyme 

S were harvested on day 7. The experiment was repeated three cimes with simiiar results.*, 

P ~ 0 . 0 5  calculated by ANOVA compared with corresponding unshuIated group; NS, 

non-significant ciifference compared with the corresponding unstimulated group. 



control rnAb for 1 hour before the addition of stimulus and determined the proliferative 

response by 'H-T~R incorporation. Treatment with anti-DR mAS was used to block MHC 

presentation as it has been shown that the vast majority superantigens are presented 

preferentidy by HLA-DR [Hermann et al., 19891, [Herman et al.. 19901, ~ o l i i c k  et al., 

199 1 1, [Uchiyarna et al., 19941. HLA-DR or isotype control did not simcantiy abrogate 

the proliferative response to exoenzyme S (Fig. 6A) suggesting that MHC is not directly 

involved in the presentation of exoenzyme S to T cells. In conuol experiments, we 

confirmed that anti-DR antibody blocked the response to the superantigen TSST- 1, but not 

concanavalin A (Fig. 6B; [See et al.. 1992)). In this regard, T ce11 stimulation by 

exoenzyme S more closely resembles that induced by concanavalin A than it does TSST- 1 

in that it demonstrates stimulation by exoenzyme S is independent of MHC. 

It should be noted that Our data does not exclude the unlikely possibility that 

exoenzyme S rnay possess a binding site that allows crosslinking of the TCR with MHC 

that is not interfered by the anti-MHC antibody we used. Therefore, we performed 

experiments to determine whether there was oligoclonal activation or oligoclonal 

proliferation of VP subsets. In contrast to mitogens, superantigens oligoclonally activate T 

ceils based on the Vp elements of the T ceii receptor [Dellabona et al., 19901. Experiments 

were performed to determine whether exoenzyme S was capable of prefe~ntiaiiy activating 

T cells based on their TCR Vp expression. Exoenzyme S activated T cells bearing al of the 

9 Vp elements anaiyzed (Fig. 7A), while Staphylococcal enterotoxin E (SEE), a control 

superantigen known to stimulate Vp8+ T cells, caused a preferential activation of T cells 

bearing Vp8 and failed to activate those bearing Vp12 (Fig. 78). Additiondiy, d e r  7 days 

of sumulation with exoenzyrne S, then was no apparent increase or decrease in the 

percentage of T ceiis bearing any of the 9 Vp elements anaiyzed (Fig. 8A). By contrast, 

SEE caused a signtficant increase in the percentage of T ceiis bearing Vp8 and a 

concomitant decrease in the percentage of ceiis bearing Vp 12 (Fig. 8B). Therefore, 
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Fig. 6 HLA-DR is not necessary for the proliferative response to exoenzyme S .  

PBMC were pretreated with anti-DR mAb, isotype control or lefi untreated for 1 hou and 

then stimulated with 0.1 @ni toxic shock syndrome toxin- 1 (TSST-1)- or 10 p g / d  

Concanavalin A (Con A - Panel A) for 3 days or I @ml exoenzyme S (Exo S - Panel B) 

for 7 days. This experiment was performed 3 times with similar results.*, P ~ 0 . 0 5  

cdcuiated by ANOVA compared to corresponding unstimulated group; NS, non-si@icant 

difference compared to stimulated PBMC. 
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Fig. 7 Vp-specific activation (Panel A and B) of human T lymphocytes. PBMC (2 x 

105) were stimulated with 1 p g h l  exoenyme S (Panel A) or Staphylococcul enterotoxin -E 

(SEE - Panel B) for 4 hours. CeUs were labefied with anti-CD69-PEjanti-CD3-PerCP and 

one of the FITC-conjugated Vpspecific rnAbs. M e r  gating on CD3, the net percentage of 

cells within each V$ family that expressed CD69 was detennined by subtracting the CD69 

expression of unstimulated cultures ftom exoenzyme S- (Panel A) or SEE (Panel B) 

stimuiated cultures. The mean + SEM of four separate experiments are shown. 
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Fig. 8 Vp-specific expansion of human T lymphocytes. PBMC (2 x 105) were 

stimulated with 1 pghi exoenzyme S (Panel A) or Staphylococcal enterotoxin -E (SEE - 

Panel B) for 4 houn. Cotuitures were aiso stimulated for 7 days and 3 days respectively. 

After 3 days (SEE) and 7 days (exoenzyme S), cultured cells were labeiied with anti-Vg 

specific (FITC) rnAb and anti-CD3 (PerCP). VP expression is shown as a percentage of 

cells gated on CD3 for unstimulated and exoenzyme S-stimulated (Panel A) as weii as for 

SEE-stimulated cultures (Panel B). 



exoenzyme S induced polyclonal, not oligoclonal activation and proliferation in PBMC 

cultures, suggesting it is not a superantigen. 

3.2 Characterization of T Ce11 Activation by Exoenzyme S 

There are a number of important pieces of eviknce which suggest that exoenzyme 

S stimulates T cells as a mitogen: i) exoeiuyme S induces fetal lymphocytes to proliferate; 

ü) CD~SRA' lymphocytes express CD69 and proliferate in response to exoenzyme S; iü) 

the proliferative response to exoenzyme S is dependent on accessory cells. but independent 

of HLA-DR. Nonetheless. proliferative responses to exoenzyme S were significantly Iower 

in magnitude. and the kinetics more delayed, when compared to proliferative responses to 

other rnitogens. To better characterize this apparent discrepancy, earlier marken of T ceil 

activation were evaluated in subsequent experiments. 

CD69 is an inducible surface molecule found on T ceiis following stimulation; 

mRNA vanscripts can be detected after 30 minutes and surface expression can be detected 

after 2 hours and declines with a half-life of 24 hours if the stimuius is withdrawn [Testi et 

al., 19891, [Ziegler et al., 19941. Although under certain conditions, CD69 expression 

levels on T lymphocytes can be shown to be comparable to proliferative responses 

rneasured by 'H-T~R uptake, this is not always the case Maino et aL , 19951, [Caruso et 

al., 19971. 

A tirne course for expression of CD69 by PBMC stimulated with exoenzyme S 

shows that elevated expression of this marker can be seen as early as 2 hours and decline to 

background levels between 2-3 days (Fig. 9). Peak levels are expressed between 2-8 

hom. TypicaUy, CD69 expression induced by SEB is more delayed and does not surpass 

levels induced by exoenzyme S u n d  8-16 hours. Because significant surface expression of 

CD69 on T lymphocytes occurs early, it therefore reflects the cellular and biochemical 

events germane to the initial stages of activation by exoenyme S and reduces non-specifc 



O 12 24  36  48 6 0  72 

Time (Hrs.) 

Fig. 9 Induction of CD69 expression on penpheral T lymphocytes. PBMC cultures 

were stimulated with 1 pghl of Stuphylococcul enterotoxins -B or exoenzyme S and at 

various times in culture were harvested and labeiied with anti-CD69-PE/ anti-CD3-PerCP. 

Inset demonstrates the differences in hnetic expression of CD69 between the stimuli during 

early tirnepoints. The percentage of CD3 ceils expressing CD69 was detennined for each 

group at the indicted times. This experiment was repeated three times with simila results. 



bystander activation. For this reason, CD69 levels were analyzed at 4 hours for ail 

subsequent expenments unless otherwise stated. 

CD4' T cells are known as helper cells because they secrete a number of 

lymphokines which are necessary for the activation and subsequent effector functions of a 

number of different inflammatory leukocytes pnunmer and Stevens, 19841, murray et 

al., 19851, [Hunninghake et al., 19871, [Rollins, 19971. Because of this characteristic, 

they are of obvious importance as orchestrators of the inflammatory process. CD8' T cells, 

on the other hand. are known as cytotoxic ceils because of their predisposition to kili 

specific targets Wagner et al., 19821, [Cerottini and Bninner, 19891. Preferential 

activation of either CD4* (Th) or CDS+ (Tc) T ceiis would have functional outcornes and 

would imply a preferential induction of either Th to secrete cytokines or Tc to promote 

cytotoxic activity respectively weinherz et a l ,  19791, [Reinherz and Schiossman, 19801, 

woretta et al.. 19841. Preferential activation of T cell subsets has previously been 

demonsuated for a number of stimuli. Superantigens such as SEA and SEB have been 

shown to preferentially activate C D ~ +  over CD8+ T celis [Kawabe and Ochi, 19901, [Abe et 

al.. 199 11. Other stimuli such as Cundida albicanr antigen preferentidiy activate C D ~ +  T 

cells [Maino et al.. 19951, while the mitogen, concanavalin AT activates both subsets to the 

sarne extent [Biseh et al., 19921. Experimeats were therefore designed to determine 

whether there was preferential activation of either T cell subset after exoenzyme S 

stimulation. The expression of CD69 was andyzed on both CD4+/CD3+ or CD~'/CD~' T 

cell subsets as caiculated in materials and methods. Exoenzyme S preferentiaiiy activateci 

C D ~ '  over CD8+ T ceils at a ratio of 2: 1, which was similar to both SEB and SEE (Fig. 

10). PHA induced 1.5 times more CD4+ T cells to express CD69 than CDS' T cells, while 

tetanus toxoid did not show preferential activation of either subset. This suggests that 

exoenzyme S, like some mitogens and superantigens. activates C M f  T ceiis to a greater 

extent than c D ~ +  T cells, and this preferentiaily activation may favor the production and 

secretion of inflarnmatory cytokines. In this regard, current studies in the laboratory are 
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Fig. 10 T cell subset activation by exoenzyme S. PBMC cultures were stimuiated 

with 10-2 Lf units tetanus toxoid, 1 pg/ml of Staphylococcal enterotoxins -B. -E, 

phytohemaglutinin (PHA). or exoenzyme S for 4 hours. Samples were then harvested and 

labelied with FiTC-conjugated anti-CD4 or anti-CD8 and anti-CD69-PUanti-CD3-PerCP. 

The net percentage of CWCD3' or CD8+CD3+ cells that expressed CD69 was det:rmined 

as before. *, P ~ 0 . 0 5  using a paired student's t test compared to corresponding C M +  

group; NS, non-significant ciifference compared to comsponding CM+ group (n=4 S E ;  

n=5 for tetanus toxoid, SEB, and PHA; n=6 for exoenzyme S). 



focused on screening for transcription of proinflammatory cytokines and chemokines 

synthesized by T cells after PBMC stimulation by exoenzyme S. 

Because of the apparent discrepancy between the magnitude of early T ce1 

activation and subsequent proliferation, the following experirnents were performed in order 

to compare the percentage of T ceils that become activated by exoenzyme S to the 

percentage of T cells activated by antigens. superantigens. and mitogenic lectins within the 

same donors. While the kinetics for induction and duration of CD69 expression by 

exoenzyme S, superantigens, and other mitogens are different (as seen for SEB in Fig. 9), 

these stimuli consistently induced significant T ce1 activation at 4 hours. Exoenzyme S 

stimulated a large percentage of peripheral T ceils to express CD69 (Fig. 11). The 

percentage of T ceils activated by exoenzyme S was 10-17% greater than that induced by 

any of the Staphylococcal superantigens tested and 25% greater dian that induced by 

concanavalin A. However. less T cells were activated by exoenzyme S than by PHA or 

anti-CD2. The recall antigen. tetanus toxoid, induced minimal T ceil activation over 

background (unstimulated mean = 1 1.78% t 2.13%. n= 19; tetanus toxoid mean = 16.64% 

f 5.7 1%, n=4). Overdl, the magnitude of early (4 hours) T cell activation induced by 

exoenzyme S is greater than a panel of superantigens and some rnitogens. This implies that 

the initial number of T cells that are able to be directly activated by exoenzyme S is on a 

sirnilar scde as for other weli characterized T ceii rnitogens. However, T ceiis stimulated 

with exoenzyme S do not seem to be able to sustain this level of activation during later 

stages of culture. 
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Fig. 1 1  Cornparison of CD69 expression on peripheral T lymphocytes by various 

stimuli. PBMC were cultured with 1 pg/d exoenzyrne S, tetanus toxoid, 1 @ml of the 

Staphylococcal enterotoxins -AT -B. -C-2, -ET concanavalin A (Con A), phytohemaglutinin 

(PHA), or 10 pi of anti-CDUCDZR for 4 hours. Samples were harvested and labelied with 

anti-CD69-PU anti-CD3-PerCP. The percentage of CD3 ceiîs expressing CD69 was 

deiermined. *, P c 0.05 using repeated mesures of ANOVA based on the Laird-Ware 

mked mode1 compared to unstunulated group; NS, non-significant difference compared to 

wtimulated group (n= 19 for unstirnulated and exoenzyrne S, n= 13 for SEB, n=8 for 

PHA, n=5 for SEET n-4 for tetanus, n=3 for SEA, SEC-2 and anti-CDZCDZR). 



3.3 Induction of Activation Arrest and Apoptosis 

3.3.1 Healthy Adult Donors 

The competency of exoenzyme S to mediate signifcant early activation in peripheral 

T cells has k n  established (Fig. 11). However, comparison of this early Ievel of 

activation to subsequent levels of prolifération, rneasured by 'H-T~R uptake and visuai 

counting, suggests a discrepancy in the magnitude of early venus late responses. Cultures 

stirdated with PHA and Staphylococcal enterotoxins induced a significant proliferative 

response (stimulation index from 37 to 22; PHASEC-2>SEE>SEB>TSST- bSEA), 

while exoenzyme S and tetanus toxoid induced linle proliferation (Fig. 12). In contrast to 

proliferative levels, CD69 expression was consistently p a t e r  in cultures stirnulated with 

exoenzyme S compared to all other stimuli tested with the exception of PHA. In this 

regard, exoenzyme S may be inducing a state of T cell anergy as seen for other mitogens 

[Kawabe and Ochi, 19901, WacDonald et al., 199 11, [Heeg et a l ,  19931, [Berner et al., 

19951. 

The previous experiment suggests that initial T ceil signalhg by exoenzyme S is 

intact while the signal for latter events such as proliferation become pemubed or arrested. 

As mentioned previously. there have been a nurnber of investigations that demonstrate the 

ability of rnitogens to induce lymphocyte unresponsiveness lIgnatowicz et al.. 19921, or 

apoptosis [Jenkinson et al., 19891, [Damle et aL, 19931, [McCormack et aL., 19931. 

Perhaps the degree of anergy or apoptosis induced by exoenzyme S is pater  than for most 

other mitogens and this could explain the relatively delayed kinetics and modest degret of 

proliferation that was seen in exoenzyme S-stimuiated cultures compared to that seen for 

other well characterized mitogens. 

Anergy is a fom of T cell unresponsiveness that can be induced by antigens, 

mitogens, or superantigens [Weigle, 19731, [Kawabe and Ochi, 19901, WacDonald et ai., 

19911, [Heeg et al., 19931, [Berner et a l ,  19951. Regardless of the mechanism of 

stimulation, the universal cause for its induction is a lack of IL-2 responsiveness upon TCR 
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Fig. 12 Correlation between early T ceil activation and subsequent proliferation 

induced by a panel of stimuli. Induction of CD69 was used as a measure of early T ceil 

activation and 'H-T~R incorporation was used to measure subsequent proiiferation of CO- 

cultures, caiculated by subtracting the pnliferative response in unstimulated cultures from 

experimental groups. Day 3 proliferation is shown for the superantigens (Staphylococcal 

enterotoxin -A, -B, -C2, -E, and TSST-1) and the T ce1 mitogen (phytohemagglutinin) 

whde day 7 proliferation is shown for exoenzyme S and tetanus. AU stimuli were used at 1 

pg/ml. except for tetanus (10-2 Lf units). Induction of CD69 expression was measured &er 

4 hours in culture with the respective stimuli. Labelied cells were gated on CD3 and 

analyzed for CD69 expression. Values were calculated by subtracting the isotype control 

ïalues from the experimental groups. *, P 4.05 calcuiated by ANOVA compared to 

unstimulated group; NS, non-significant response compared to unstimulated group. This 

experiment was perfomed four times with similar resuits. 



signding [Schwartz, 19901. IL- 2 is a T celidenved cytokine that can stimulate 

proliferation in an autocrine and paracrine fashion [Greene, 1986). Therefore. a possible 

mechanism for the incapacity of PBMC to proliferate to exoenzyme S rnay be due to a Iack 

of IL-2 production. 

It kas long been established that various stimuli (eg. mtigens, superantigens, 

mitogens) induce secretion of IL-2 and expression of IL2 receptors (IL-2Ra, Tac, CD25) 

pnor to T ceIl proliferation. Therefore, proliferation of T cells is induced primarily in an 

autocrine fashion, in which the responding T ceUs secrete their own growth-promoting 

factors and also express celi surface receptors for these cytokines. IL-2 is the principle 

autocrine growth factor for T cells. Therefore. the measurement of IL-2 secretion and 

CD25 expression (in addition to 3~-thymidine incorporation) allows the added benefit of 

looking at a more proximal sign of T ce11 stimulation. 

In order to determine whether IL-2 was king produced in cultures stirnulated with 

exoenzyrne S. supematants were collected at different t h e  intervals and quanùtaîed in a 

bioassay. Exoenzyme S (0.1 - 10 pg/ml) was incapable of inducing siflcant levels of IL- 

2 (Fig. 13). This suggests that a lack of IL-2 secretion may be limiting in exoenzyme S- 

stimulated cultures and therefore exogenous addition of the growth factor would be 

expected to restore this defect. Suprisingly, the weak proliferative response in exocnzyme 

S cultures could not be augmented by the addition of IL2 at the beginning of culture (Fig. 

14). indicating that exoenzyme S was not inducing anergy. In these experiments, 

exogenous addition of IL-2 did not augment the proliferative response to exoenqme S 

suggesting that CD25 is not upregulated during stimulation with exoenzyme S. 
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Fig. 13 Exoenzyrne S does not induce IL-2 secretion. PBMC (2 w ld) were 

stimulated with ten-fold dilutions of exoenzyme S (Exo S - 0.1-10 @ml) or 1 @mi 

phytohemaglutinin (PHA) for various times in culture. Twenty-four houn More the 

indicated times, 50 of supernatants was replaced with fresh media containhg 100 nglmi 

anti-TAC and frozen at -70°C until analyzed by HT-2 assay as previously described. 
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Fig. 14 Interleukin-2 does not augment the proliferative response to exoenzyme S .  

PBMC (2 x los), in the absence or presence of different concentrations of IL-2 (0.1, 0.5, 

1 ng/ml), were stimulated with (en-fold dilutions of exoenzyme S (Exo S - 0.1 - 10 @ml) 

for 7 days and analyzed for 3 H - ~ d ~  incorporation (unstimulated - square, exoenzyme S: 

O. 1 pg/rni - diamond, 1 @ni - circle, 10 @ml - triangle). This experiment was repeated 

with a sirnilar result. 
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Fig. 15 Surface expression of the T ceIl activation markers IL-2 receptor (CD25) 

and transferrin receptor (CD71) in response to exoenzyme S. PBMC (2 x 105) were left 

unstirnulated (open symbols), or stimulated with 1 @ml exoenzyme S (grey symbols) or 1 

&ml Staphylococcal enterotoxin -B (black symbols). At the indicated times, celis were 

harvested and labelled with an antibody cocktail consisting of CD3-PerCP and either 

CD25-FITC or CD7 1-FKC. Samples were gated on CD3 and analyzed for expression of 

CD25 (squares) or CD7 1 (circles). Values are shown as a percentage of T cells expressing 

the indicated marker and were caiculated by subtracting isotype control values from 

experimental groups. S hown is a representative experiment performed three times. 
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Fig. 16 interleukin-2 does not induce of I L 2  receptor (CD25) expression on T ceUs 

in response to exoerizyme S. PBMC (2 x 105), in the absence or presence of different 

concentrations of IL-2 (O. 1. 0.5, Ingh l ) ,  were left unstimulated (open symbols), or 

stimulated with 1 @ml exoenzyme S (solid symbols).At the indicated times (Day 5 - 
squares; Day 7 - circles), cells were harvested and labelled with an antibody cocktail 

consisting of CD3-PerCP and either CD25-FITC. Samples were gated on CD3 and 

analyzed for expression of CD25 Values are shown as a percentage of T cells expressing 

the indicated marker and were caiculated by subtraciing isotype control values from 

experimental groups. Shown is a representative experiment performed twice. 



* Unstimulated - 5 Days - Exo S - 5 Days 

* Unstimulated - 7 Days - Exo S - 7 Days 

Fig. 17 uiterleukin-2 does not induce of transfemn receptor (CD71) expression on 

T celis in response to exoenzyrne S. PBMC (2 x 1051, in the absence or presence of 

different concentrations of IL2  (0.1.0.5. 1 nghl). were left unstimulated (open symbols), 

or stimulated with 1 pgh l  exoenzyrne S (solid symbols).At the indicated times (Day 5 - 
squares; Day 7 - circles), cells were harvested and Iabelled with an antibody cocktail 

consisting of CD3-PerCP and either CD7 1-ETC. Sarnples were gated on CD3 and 

analyzed for expression of CD7 1. Values are shown as a percentage of T cells expressing 

the indicated rnarker and were calculated by subtracting isotype control values from 

experimental groups. Shown is a representative expriment performed twice. 



as clonal exhaustion and proliferation are not distinguishable characteristics in these 

cultures. It was therefore important to look at apoptosis as a possible mechanism by which 

exoenzyme S-stimulated ceils were hyporesponsive during longer cultures. 

in order to evaluate whether exoenzyme S was capable of inducing 

unresponsiveness by an apoptotic rnechanism DNA content was quantitated by propidium 

iodide staining at various tirnepoints. Although cultures stimulated with exoenzyme S 

becarne hypodiploid at a rate slightly slower than that induced by the positive control 

carnptothecin, maximal apoptosis occurred on day 7 for both (exoenzyme S = 59.36 f 

11.43%; camptothecin = 59.58 k7.6995; Fig. 18). Tetanus toxoid on the other hand, 

induced only marginal levels of apoptosis above the unstimulated background (tetanus 

toxoid = 28.18 t 3.42%; unstimulated = 2 1.99 I 4.42%). This suggests that ceils were 

dying the longer they were in culture with exoenzyme S. In retrospect, this finding was 

consistent with previous results in that IL-2 was not capable of augrnenting the proliferative 

response to exoenzyme S (Fig. 14). However, higher concentrations of exoenzyme S 

acnialiy showed a reduction of proliferation compared to unstimulated groups despite 

exogenous addition of TL-2. 

To confm the hypodiploidy we saw using propidium iodide staining was due to 

programmed cell death. we analyzed coîultures for the distinctive DNA fragmentation 

associated with end-stage apoptosis. Electrophoresis of DNA isolated from PBMC culnired 

for 5 days in the presence of 10 &ml exoenzyme S showed the distinctive laddering 

pattern associated with apoptosis as did cultures incubated with lpM camptothecin (lane B 

and lane C rcspectively; Fig. 19). PBMC stimulated with tetanus toxoid did not show 

iaddenng up to 7 days in culture (data not shown). 

Staining with propidiurn iodide aiiowed for distinction between different stages of 

the apoptotic cycle. Celis ûctively undergoing apoptosis (apoptotic) and cells in laie stage 

apoptosis which have begun to bleb off plasma membrane containhg partiaiiy degraded 
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Fig. 18 Induction of apoptosis by exoenzyme S. PBMC (2 x 10s) were either left 

unstirnulated (squares), cuitured with 10 @ml exoenzyme S (circles), 1 pM carnptothecin 

(triangles), or 10 pghl tetanus toxoid (star) for various thes  in culture. Cells were 

harvested at the indicted times and analyzed for DNA content using propidium iodine 

staining and fiow cytometry. This experiment was perforrned three times. Values are 

shown as the mean percentage of apoptotic cells f SEM. *, P 4 . 0 5  calculated by ANOVA 

compared to unstimulated group; NS, non-significant response compared to unstimdated 

group, n=3. 



Fig. 19 DNA fragmentation of induced by exoenzyme S. PBMC (2 x 10s) were 

either left unstimulated (lane A), culhired with 10 @ml exoenyae S (lane B), or 1 fl 

camptothecin (lane C). After 5 days in culture, celis were harvested, pooled to a 

concentration of 108 per ml, and subjected to a phenol based extraction. 



DNA (apoptotic bodies) constitute the total hypodiploid population (Fig. 20). In order to 

determine whether T lymphocytes were undergoing death, two different techniques were 

used. PBMC populations were labelleci with FiTC-conjugated anti-CD3 in conjunction 

with either PI staining for DNA quantitation or with PEconjugated annexin and the vital 

dye 7-AAD. There was a substantial degree of apoptosis in C D ~ '  T lymphocytes detected 

by DNA quantitation (unstimulated = 25.26%; exoenzyme S = 64.94%; camptothecin = 

69.76%; Fig.2 1). Accordingly, sirnilar levels of apoptosis were detected by quantitation of 

phophatidylserine translocation on CD3' T cells (unstimulated = 39.37%; exoenzyme S = 

67.73%, Fig. 22). Therefore, exoenzyme S is capable of inducing significant T ceii 

apoptosis in vitro. 
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Fig. 20 Analysis of the different stages of apoptosis induced by exoenzyme S .  

PBMC (2 x 105) were either left unstimulated (panel A), cultured with 10 @ml exoenzyme 

S (panel B), or 1 pA4 carnptothecin (panel C). Cultures were harvested d e r  5 days and 

analyzed for DNA content using propidium iodine staining. Cells in different stages of the 

death pathway are separated with margins and the percent of cells in each stage is indicated. 

This experiment was repeated twice with sirnilar results. 
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Fig. 21 Analysis of apoptosis by exoenzyme S in T cells. PBMC (2 x 105) were 

either left unstimulated (open bars), cultured with 10 pg/ml exoenzyme S (solid ban), or 1 

pM carnptothecin (stnped bars). Cultures were harvested after 5 days, stained with FITC- 

conjugated anti-CD3 and analyzed for DNA content using propidium iodine staining. Cells 

were gated on CD3 and analyzed for DNA content. This experiment was perfonned twice. 



Unstimulat ed 
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Fig. 22 Dot plot andysis of apoptosis by exoenzyme S in T cells. PBMC (2 x id) 

were either left unstimulated (Panel A & C) or stimulated with 10 p g h l  exoenzyme S (Panel 

B &D) for 5 days and labelled with RTC-conjugated anti-CD3 ml). DNA content was 

analyzed by using PE-conjugated annexin V (FL2) and 7-AAD (FL3) (Panel C & D) to 

measure phosphatidylserine translocation and membrane pemeability respectively after 

electronic gate setting on CD3 versus side scatter characteristics (Panel A &B) to identiQ T 

ceils. This experiment was performed twice. 



3.3.2 Cystic Fibrosis Donors 

Due to practical issues it was tirst necessary to develop and optimize assays using 

healthy adults as donors. Although no researchers have been able to demonstrate any 

primacy immune defect in CF patients [Davis, 19851, [Pier, 19851, the possibility remaineci 

that patients having been chronically colonized with Psetuhmonus uerugùwsa and 

potentially exposed to exoenzyme S may have an alterd immune response compared to 

nomals. Indeed. other investigators have demonsvated secondary immune defects in T 

ceiis isolated from CF patients. Impairments of in vitro proliferative responses to whole 

organism as well as a decrease in the T cefl production of IL- 10 have both been shown in 

CF patients [Sorensen et al., 19771, woss et al., 19961. It was anticipated therefore, that 

peripheral T cells isolated from CF patients (with positive Pseudomonas aerugiiwsa 

cultures) may be chronically exposed to exoproducts and as a consequence, would have 

altered responses compared to nomals. Having previousiy established a relevant 

mechanism for exoenzyme S to induce T celi activation arrest and apoptosis in PBMC 

isolated from healthy donors, it was necessary to extend these findings using PBMC 

isolated from adult CF patients. CD69 expression levels were again determineci on C D ~ +  T 

cells after 4 hours culture with exoenyme S and compared to levels induced by SEB. Both 

SEB and exoenzyme S were capable of inducing sidcant T œil activation in PBMC 

isolated from cystic fibrosis patients (Fig. 23A; unstimulated = 7.09% f 2.61%; 

exoenzyme S = 28.58% f 7.32%; SE3 = 19.5945 f 2.44%. n=4) and normal control (Fig. 

23B; unstimuiated = 5.18% exoenzyme S = 3 1.9%; SEB = 13.5 1%). Suprisingly, 

magnitudes of T ceil activation (CD69 expression) did not dBer between CF patients and 

nomal controls. 

In order to determine whether there was a discrepancy between the levels of T ce1 

activation and subsequent proMeration, CO-cultures stimulated with exoenzyme S were 

analyzed for CD69 at 4 hours and for 3 ~ - ~ d ~  uptake at 7 days. Eariy Ievels of activation 

did not correlate with subsequent levels of proMeration for either CF donors (Fig. 24A) or 
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Fig. 23 Cornparison of CD69 expression on penpheral T lymphocytes between CF 

patients and normal conaols. PBMC (CF - panel A; nomial - panel B) were left 

unstimulated or cultured with 1 pg/d exoenzyme S orStaphyfococcul enterotoxins -B 

(SEB) for 4 hours. Samples were hamested and labelleci with anti-CD69-PU anti-CD3- 

PerCP. The percentage of CD3 cells expressing CD69 was determined. *, P < 0.05 using 

snident ' s t test compared to correspondhg unstimulated group. 
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a healthy control (Fig. 24B), reinforcing the previous findings that early T ce1 activation is 

intact, but incapable of inducing significant levels of 'full activation' in the form of 

proliferation. Thus, despite the fact that these CF patients were chronically colonized with 

P. aeruginosa, it appears that the responses frorn these patients to exoenzyme S is not any 

different than what is seen from normal controls. 

As before, other markers of T cell activation such as IL-2 production, CD25 and 

CD7 1 expression were measured on C D ~ '  T cells in response to exoenzyme S. IL-2 levels 

were not produced above background in response to exoenzyme S, uniike SEB which 

induced significant levels (Fig. 25). Further, exoenzyme S could not induce ~ i ~ c a n t  

expression of CD25 nor CD7 1 (Fig. 26). The positive control, SEB, did however induce 

significant expression of both marken. Again, sirnilar to data from healthy subjects, this 

implies that the mechanism for decreased proliferative responses to exoenzyme S is distinct 

from anergy. Irnponantly, no observable differences in die magnitude of the responses 

(expression of CD69, CD25, CD7 1, or production of IL-2) to either exoenzyme S or SEB 

was noticed between CF patients and healthy controls. These series of experiments 

dernonstrate chat the responses to superantigens or exoenzyme S by PBMC cultures from 

CF patients are not different than those obtained from healthy adult donors suggesting a 

similar T celi activation mechanism is king utilized. 

Recruited T lymphocytes from the lungs of CF patients may be more susceptible to 

apoptotic death induced by exoenzyme S when compared to heaithy donon because their T 

cells m y  be preconditioned by a constitutive elevated state of activation. To determine 

whether PBMC were undergoing apoptosis in response to exoenzyme S, cultures were 

harvested at 5 and 7 days and andyzed for DNA content. As seen in healthy controls, 

PBMC isolated from CF patients showed an increase in both the percentage of ceils actively 

undergoing apoptosis (apoptotic) and in cells already having undergone apoptosis (bodies) 

(Fig. 27 and Fig. 28). Preiiminary experiments also suggested that the degree of apoptosis 

induced by exoenzyme S in vitro correiated inversely with the patient's pulmonary 



function. That is, the lower the pulmonary function score, detennined by a one second 

forced expiratory volume (FEV*), the greater the magnitude of apoptosis in response to 

exoenzyme S in vitro (Fig. 29). Interestingly, this correlation was specific only for 

exoenzyme S. as CO-cultures induced with camptothecin did not show this effect 

(exoenzyme S: R2=0.9. pc0.0 1 ; camptothecin: ~ ~ d . 7 9 ,  p<0.11). It is conceded that the 

number of patients is t w  small to analyze appropriately and therefore this correlation is not 

free of scnitiny. However, it is interesting to speculate that exoenzyme S-induced T ce1 

activation may transduce more of a 'death signal' in potentiaiiy activated T ceils (assurning 

patients with decreased pulmonary function have a higher antigen load) compared to 

relatively quiescent celis isolated from asymptomatic individuals. Alternatively, this may 

sirnply indicate that T lymphocytes isolated from CF patients with exacerbated disease may 

be more susceptible to this form of apoptotic signdling. 
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Fig. 25 Exoenzyme S induced IL-2 secretion frorn PBMC isolated from CF 

patients. PBMC (2 x 105) were stimulated with 1 &ml of exoenzyme S orStaphylococcal 

enterotoxins -B (SEB) for 5 days. Twenty-four hours prior to harvest, 50 pi of 

supematants was repiaced with fresh media containing 100 n g M  anti-TAC and frozen at - 

70°C untii analyzed by HT-2 assay as previously described. This experiment was repeated 

twice with similar results. 
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Fig. 26 Surface expression of the LL-2 receptor (CD25) and ulinsfemn receptor 

(CD7 1) on PBMC isolated from CF patients in response to exoenzyme S. PBMC (2 x 105) 

were lefi unstimulated, or stimulated with 1 &mi exoenzyme S orS~uphyIococcal 

enterotoxin -B (SEB). After 5 days, cells were harvested and labelied with an antibody 

cocktail consisting of CD3-PerCP and either CD25-FITC or CD7 1-FITC. Samples were 

gated on CD3 and anaiyzed for expression of CD25 (panel A) or CD7 1 (panel B). Values 

are shown as a percentage of T cells expressing the indicated marker and were calculated by 

subtracting isotype control values from experimental groups. *. P < 0.05 using student's t 

test compared to corresponding unstimulated group; NS, non-significant response 

compared to corresponding unstimulated group, n=4. 
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Fig. 27 Andysis of the different stages of apoptosis induced in PBMC isolated 

from a CF patient. PBMC (2 x 105) were either left unstimulated (panel A), cultured with 

10 pg/rnl exoenzyme S (panel B), or 1 p M  camptothecin (panel C). Cultures were 

haxvested after 5 days and analyzed for DNA content using propidium iodine staining. 

Cells in different stages of the death pathway are separated with margins and the percent of 

cells in each stage is indicated. This expenrnent was repeated twice with sirnilar results. 
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Fig. 28 Analysis of apoptosis by exoenzyme S in T cells. PBMC (2 x 105) were 

either left unstùnulated (open bars), treated with 10 pglml exoenzyme S (solid bars), or 1 

pM carnptothecin (striped bars). Cultures were harvested a€ter 5 days. stained with 

propidium iodine and anaiyzed for DNA content using flow cytornetry. This is one 

representative expriment of three. 
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Fig. 29 Inverse correlation between apoptosis and pulmonary function. PBMC (2 x 

l@) were either left unstimulated, treated with 10 pglml exoenzyrne S, or 1 pli4 

carnptothecin. Apoptotic values are seen as the increase in hypodiploid DNA caiculated by 

subtracting the degree of hypodiploidy in unstimulated populations from that seen in either 

experimental group. Hypodiploid values are displayed as a percent of total cells. Cultures 

were harvested after 5 days, stained with propidiurn iodine and analyzed for DNA content 

using flow cytometry. Five donors are shown with their respective FEV, scores in 

parenthesis. *. P ~0.0 1 calculated by regressional statistics, R2=0.9 for exoenzyme S ; P 

CO. 1 1. R2=0.79 for camptothecin. 



3.4 Cornparison of the In vitro Responses to Exoenzyme S from 
Pseudomonas aeruginosa Strain DG1 and Recombinant 
Exoenzyme S from Strain 388 

There has been much debate about the mie nature and puity of exoenyme S 

purifeâ h m  stmh DGl(ExoS/DGl) by the method of Woods [Goranson and Frank, 

19961. Much of the controversy surrounds the fact that ExoS/DGl is pmed in an 

enzymaticdy inactive state Woods and Que. 19871. Recently, the gene coding for the 49 

kDa form of exoenzyme S (ex09 h m  strain 388 has ken sequenced and cloned into both 

Escherichia coli B U  l@E3) and Psewiomonas aerugirwsa PA103 [Knight et al., 19951. 1t 

was therefore important for our laboratory to determine whether there were signifïcant 

diffe~nces in the lymphocyte responses to ExoSDGl and rExoS. Joseph Barbien and 

Dam Frank @oh h m  the Medical College of Wisconsin) graciously donated rExoS 

purified from Pseudom0na.s aeruginosa PA103 in order to carry out these snidies. Initially, 

the enzymatic activity was determimd for both preparations using a standard ADP-ribosyl 

transferase assay in which [adenine-'4qN~D+ is used as the donor of ADP-ribose Woods 

and Que, 19871. Compared to rExoS, the specific activity of ExoSlDGI was less than 1% 

(Table 1 ), indicating that these two preparations are vastly different in their ADP-ribosyl 

tramferase activity. This data confîrms the previous association. 

In order to determine whether rExoS could activate T cells as demonstrated for 

ExoS/DGl. activation assays were perfomed as previously described. PBMC cultured for 

4 hours with rExoS induced an increase in the percentage of T cells that expressed CD69. 

In response to rExoS, 26.2% of T cek that were previously negative for CD69 became 

CD69+, wMe 29.2% of T cells expressed CD69 in response to ExoS/DGl (Figure 30). 

The meaa fluorescent intensity increased h m  18 to 65 in response to rExoS, and to 6 1 in 

response to ExoSIDG1. Thus, the fkquency and level of T ceils that were activated in 

response to rExoS and ExoSlDG 1 was similar. 



Table 1 .  Cornparison of  ADP-nbosyl transferase activity between ExoS/DG 1 and rExoS. 

rExo 1 22 1,627 
' Specific activity was calculated as 
CPM per mg of preparation per minute 
of reaction tirne. 

Blank 4.2 
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Fig. 30. T ceiI activation by ExoSlDGl and rExoS. PBMC were unstimulated 

(panel A), stirnulated with 1 ExoSDGl (panel B), or stimulated with 1 pglml of 

rExoS (panel C) for 4 hotus and analyzed for CD69 expression (solid line). Each ce11 

population was also labeled with an isotype-matched antibody (dotted lines). The 

experiment was repeated three times with similar resuits. 



To determine whether rExoS induces lymphocyte proliferation, PBMC were 

stimulûted with rExoS or ExoSDGl and 'H-T~R incorporation was assessed as a measure 

of new DNA synthesis. Significant 3 ~ - ~ d ~  incorporation occurred at concentrations of 1 .O 

@ml with both preparations (Table 2). and the stimulation index for rExoS and ExoSDGl 

was similu. At 1 .O pg/ml, the stimulation index for ExoSDGl and rExoS was 4.2 I 1.1 

and 3.5 f 0.4 respectively. Thus, the magnitude of proliferation is similar in response to 

both preparations of exoenzyme S. 

It has already been shown that T ce11 stimulation by ExoSDG1 induces a large and 

transient surface expression of CD69 followed by a relatively moàest level of cellular 

proliferation (Fig. 12). ln order to demonstrate that rExoS induced sirnilar levels of initial 

activation and subsequent proliferation, co-culhues were stimulated with either ExoS/DG 1 

or rExoS and analyzed for CD69 expression and 3 ~ - ~ d ~  incorporation. rExoS does induce 

a similar activatiodproliferation profile as ExoSlDGl (Fig 31; CD69: rExoS = 27.52%; 

ExoSfDG 1 = 3 1.96; Net CPM: rExoS = 5.66 ; ExoS/DGl = 7.76). 

The previous s u e s  showed that the activation and proliferation induced by rExoS 

and ExoSlDGl was similar. To determine whether the region of ExoSIDGl that was 

responsible for T ce1 activation was shared by rExoS, a panel of mAbs raised against 

ExoS/DG 1 were screened for their ability to neutraiize CD69 expression. The mAb 9-49-9. 

which showed the greatest neutraiization capacity against ExoS/DG 1 was used to neutralize 

the stimulatory capacity induced by rExoS (Table 3). PBMC were stimulated with rExoS or 

ExoS/DGl in the presence of rnAb 949-9 or control ascites for four hours and analyzed 

for expression of CD69. mAb 949-9 significantly reduced T celi activation by rExoS and 

ExoS/DGl, suggesting that these preparations share the stimulatory epitope. The mAb 9- 

49-9 did not block T ceIl activation induced by other T cell stimuli such phytohernagglutinin 

suggesting that the neutralization was specific for exoenzyme S. 



Table 2. Proliferation of PBMC in response to rExoS and ExoS/DG 1 

Stimulation Index C P M  i SEM X 1 O3 1' 

Experiment rExoS ExoS/DGI 

1 4.11 (22.6)* 2.09 (1 1.5) 

2 2.96 (7.7)* 4.50 (1  1.7)* 

3 3.17 (1.9) 6.17 (3.7)" 

'PBMC (2 x 1Wwe11) were stirnulated with 1.0 &ml of rExoS or ExoSiDGl. 

Stimulation index calculated by dividing proli ferative responses of experimental groups by 

unstimulated vaiues. * pc0.05 compared to unstimulated PBMC as determined by 

ANOVA.49-9 did not block T ceil activation induced by phytohernagglutinin suggesting 

that the neutraiization was specific for exoenzyme S. 
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Fig. 3 1 Correlation between early T cell activation and subsequent proliferation for 

ExoS/DG 1 and rExoS. Induction of CD69 was used as a measure of early T ce11 activation 

and 'H-TdR incorporation was used to measure subsequent proliferation of CO-cultures. 

Day 7 proliferation is shown for both preparations and was caiculated by subtracting the 

proliferative response in unstimulated cultures from both experimental groups (both at 1 

pg/rnl). Induction of CD69 expression was measured after 4 houn in culture. Labelled cells 

were gated on CD3 and analyzed for CD69 expression. Values were calculated by 

subtracting the isotype control values from the experimentai groups. *, P ~0.05  calculated 

by N O V A  compared to unstimdated group; NS, non-siNcant response compared to 

unstimulated group. This experiment was performed four times with similar results. 



Table 3 mAb 9-49-9 inhibits T ceii activation induced by ExoS/DG 1 and rExoS 

% of CD3 cells that newlv express CD69 (% inhibition)' 

IbG Exo SIDG1 fHA 

Experimen! Conirol Ab 949-9 ControlAb %Bi csaUdAh 9&!2 

1 16.3 10.3 (37) 20.3 15.1 (26) 83.16 84.8 1 (O) 

2 14.2 6.5 (54) 23.4 4.0(83) n/d n/d 

'T cell activation is shown a s  the percentage of CD3' cells that newly expressed CD69 after 

stimulation with 1 kg/ml rExoS or ExoSiDGl in the presence of 10% v/v control Ab 

(ascites) or mAb raised against ExoS/DG 1 (9-49-9). 

n/d - not determined. 



To demonstrate the specificity of binding between 9-49-9 and rExoS, 

imunoblotting was performed with rExoS. Binding of mAb 9-49-9 to ExoS/DGl was 

confmed in a dot blot and dso ~ac ted  strongly to a 49 kDa band in the preparation of 

rExoS (Fig. 32). The rnAb 9-49-9 was not binding in a non-specificaily since it did not 

bind to the irrelevant protein (bovine semm albumin). This suggests that the epitope 

responsible for T lymphocyte activation is shared by rExoS and ExoS/DGl and can be 

blocked by 9-49-9. 
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Fig. 32. ùnmunoblot of rExoS from P. aeruginosa ~train PA103 inserted 

with the pUCPexoS vector. rExoS (3 pg) and BSA (10 pg)was loaded into a 15% 

SDS-PAGE gel, elecuophorectically transferred to immobilon P and probed with 

9-49-9 rnAb ( 1: 1000). 



4.0 DISCUSSION 

4.1 T Cell Activation by Exoenzyme S 

There are a nurnber of important pieces of evidence which suggest that exoenzyme 

S stimulates T cells as a mitogen: i) exoenzyme S induces fetai lymphocytes to proliferate; 

ii) cD~SRA' lymphocytes express CD69 and proliferate in response to exoenzyme S; 5) 

the level of CD69 expression induced by exoenzyme S is greater than that induced by a 

panel of superantigens and antigens; iv) the proliferative response to exoenzyrne S is 

dependent on accessory cells, but independent of HLA-DR. 

Greater than 90-958 of fetal lymphocytes express the CD45R.A isoform of the 

CD45 molecirle [Hayward et al.. 19891. [Clement et al., 19901. The expression of this 

molecule is restricted to a unique pool of lymphocytes thought to have never encountered 

antigen and are thus termed immunologically naive [Prince et al., 19921. Activation and 

induction of T ce11 proliferation in this imrnunologically naive population of lymphocytes is 

therefore a characteristic of T ceU mitogens [Stiehm et al., 19791, maruel et al., 19801. 

Therefore, the ability of exoenzyme S to induce proliferation in fetal lymphocytes suggests 

it is stirnulating T cells as a mitogen. Further, teianus toxoid could not induce proliferation 

in fetal T cells consistent with the fact that immunoiogically naive cells cannot respond to 

recall antigens without pnor priming. Despite this evidence, there remained the unlikely 

possibility that a portion of the fetal lymphocytes may have aiready encountered antigen 

(Le. fetai recognition of Pseudomonas antigens afier a matemal bacterernia) and may be 

reacting to exoenzyme S. To resolve this issue. magnetic separation of immunologically 

naive and memory T ceUs from adult volunteen was performed and analyzed for their 

ability to undergo activation and proüferation in response to exwnzyme S. Magnetic 

separation resulted in greater than 97% purity in both subsets. Both CD45RA' and 

CMSRO' T cells underwent activation and proliferation in response to exoenzyme S and 

PHA, although the responses nom the CD~SRA' population to these stimuli was 

consistent1 y lo wer than in the memory population. The negative control. tetanus toxoid, 



was only capable of inducing CD69 expression and proliferation in the memory phenotype. 

Therefore, it has k e n  demonsmted that these assays are able to discriminate between 

stimulation by antigens and mitogens and that T ceil stimulation by exoenzyrne S most 

closely resembles the latter. 

The magnitude of CD69 expression induced by exoenzyme S after 4 hours culture 

is impressive. CD69 levels, after stimulation by exoenzyme S, were consistently greater 

than that induced by a panel of antigens and superantigens. Only a n t i - 0 2  and PHA were 

able to induce a greater response at this time point. It was also noted that CD69 expression 

induced by exoenzyme S stimulation decreases ai a faster rate compared to levels induced 

by superantigens or PHA. In fact, superantigen-induced CD69 expression surpasses 

exoenzyrne S-induced levels usually after 16-24 hours in culture and is the result of the 

inability of exoenzyrne S-treated T ceiis to sustain activation (CD69 expression). Although 

expression of CD69. as a marker of activation. represents one of the earliest molecules 

induced on the ce11 surface of stimulated T lymphocytes [Cebrih et ai., 19881, [Testi et al., 

19891, [Ziegler et al., 19941, expression induced by exoenzyme S does not correlate with a 

subsequent cornmitment to enter ce11 cycle, as has also been found in other systerns maino 

et ai., 19951, [Caruso et al., 19971. Indeed, the possibility exists that exoenzyme S. as a 

mechanism of host evasion, may stimulate a large portion of T ceus to becorne activated 

and afier a certain 'activation state' (or threshold) is reached, it modulates intraceliular 

signaihg pathways in responding T ceiis, promoting their subsequent death. Nevertheless, 

it may be possible for exoenzyme S to stimulate a large portion of T cells to secrete a 

number of di fferent cytokines, thereb y indirect1 y extending its effects beyond those seen in 

T cells alone. 

It has k e n  demonsirated that exoenzyxne S preferentially activates CmC T ceh  

over C D ~ '  T ceus, a phenomenon that was common to the mitogenic lectins and 

superantigens tested. Previous studies have demonstrated that the superantigen-mediated 

interaction between the TCR and MHC class II is in some cases stabilized by the CW 



molecule and therefore a greater number of responding C D ~ +  T cells are activated, although 

both subtypes respond [Kawabe and Ochi, 19901, [Abe et al., 199 11. Although PHA 

preferentially induced CD69 expression on CM+ T ceils more efficiently than C D ~ +  T 

cells, the difference was not as pronounced as for exoenzyme S or the superantigens. PHA 

cm utilize the CD4 molecule to stimulate T ceils [Mann et a L., 19871, and this rnay explain 

the preferential expansion of CD4 cells. In contrast, expression of CD69 following 

stimulation with the recd antigen, tetanus toxoid, did not show preferential activation of 

either subset. NO data has been presented to suggest that the T cell response (activation or 

proliferation) to exoenzyme S utilizes the CD4 molecule, however we cannot exclude this 

as a possible explanation for the preferential activation of this T cell subset. Certainly, the 

fact that CD4' T cells are preferentially activated by exoenzyme S suggests two potentially 

interrelated events. Firstly, it lends credence to the possibility that exoenzyme S may be 

rnodulating cytokine production by Th cells. Secondly, it suggests that there may be 

preferential signalling for death in these cells, assuming CD69 expression and subsequent 

apoptosis are related events. 

in this study, it was also shown that the proliferative response to exoenzyme S is 

dependent on the presence of accessory ceils and that adherent cells (Le. monocytes) were 

capable of delivering competent, but perhaps suboptimal. costirnulatory signals. 

Additionaily, it has previously been shown that B cell proliferation is dependent on the 

presence of activated T celis wody et al., 19951, and that the 53 kDa form of exoenzyme S 
3 

(Exo T) strain 388 does not induce H-TB incorporation in fibroblasts or epidennoid celis 

[Olson et al., 19971. Together, the data suggests that the rnitogenic activity of exoenzyme S 

is specific for T lymphocytes. 

A number of bacteriai mitogens stimulate T cells as superantigens. Superantigens 

bind and crosslink MHC II on the accessory celi with a restricted repertoire of VB elements 

of the T cell receptor resulting in stimulation of T ceils bearing these Vg elements, but not 

othen. Since it was determined that exoenzyme S is a bacterial mitogen, it was of mat 



interest to identify whether it possessed characteristics of a superantigen. There are two 

pieces of evidence that suggest exoenzyme S is not a superantigen. First, antibodies to anti- 

DR block the response to superantigens such as TSST- 1 [See et al., 19921, but did not 

block the response to exoenzyme S. It should be noted that our data does not exclude the 

possibiiity that exoenzyme S rnay possess a binding site that allows crosslinking of the 

TCR with MHC that is not interfered by the anti-MHC antibody that was used. Therefore, 

experiments were perfomed to detemiine whether there was oligoclonal activation or 

oligoclonal proliferation of Vb subsets. It was found that although exoenzyme S activated 

sorne subfarnilies more or less than others for certain donors, these fmdings were not the 

sarne for all donon. Further, increases in VB-specific activation did not correlate with 

increases in Vp-specific proliferation within donors. On the other hand, the positive control 

SEE showed preferentid activation and expansion of Vf38 but not VB12. In short, 

exoenzyme S stimulation of T cells did not correlate with activation of any specific subset 

tested. Rather, it caused polyclonal activation and expansion of VP subsets tested. Thus, 

these data are most consistent with exoenzyme S king a mitogen, but not a superantigen. 

The inability of exoenzyrne S to induce other markers of T ce11 activation (Le. 

expression of CD25 and CD71) was not expected. As previously demonstrated by other 

investigators, cells that are induced to express significant levels of CD69 by antigens, 

rnitogens, or superantigens typicaily also express signifcant levels of CD25 and CD71, 

aithough the kinetics for their expression is usudy more delayed [Caruso et ai., 19971. 

Accordingly, the fmding that exoenyme S induces only CD69 without subsequent CD25 

or CD7 1 expression suggests that the activation signal needed for CD25 and CD71 may be 

becoming arrested upstrearn of their regdators. That is, exoenzyme S may be incapable of 

signalling a 'full blossoming' of T ceil activation which is why later markers of activation 

are absent and earlier events remain intact. During the hierarchical continuum of T ceii 

activation. exoenzyme S may be able to induce phosphorylation of CD3 ( chains, initial 

calcium flux, and acid release within the fmt minutes of activation as aii events can be 



tnggered in the absence of significant T celi proliferation [Rabinowitz et al., 19961. 

Altematively, the initial activation signal may be deviated to a different pathway. Another 

possible mechanism rnay be that the duration of the stimulatory event is not long enough 

and rnay be triggering incomplete signalling. In support of this, it has ken  shown that 

stimuli that induce partial T ceil activation tend to have lower TCR affiinities and faster 

dissociation rates than ligands that trigger full T ceii activation [Al-Ramadi et al., 19951, 

margulies, 19961. This theoretical mode1 suggests that the continuous spectrum of T cell 

responses reflects the continuous range of dissociation rates of the stimulus [Rabinowitz et 

al., 19961. Although the suggested mechanisms by which the T ceils fail to undergo fuli 

activation rnay be different, ultirnately the physiological outcome is sirnilar. 

The ability for T cells to proliferate requires two distinct signals as initidy 

proposed by Bretscher and Cohn in 1970 [Bretscher and Cohn, 19701. The theory, in its 

simplest terms, States that responding T cells require cognate antigen recognition via its 

TCR (signal l )  and another signal delivered by costirnulatory molecules (signal 2). It was 

aiso suggested that signai 1 in the absence of signal 2 would lead to T c d  'paralysis' 

[Bretscher and Cohn, 19701. Indeed, it has been shown by a number of investigators that 

TCR stimulation in the presence of incompetent accessory celis (cels not bearing 

appropriate costimulatory molecules) can lead to lymphocyte paralysis (anergy, in more 

modem terminology) [Muelier et al., 19891. perez et al., 19971. The term 'clonal anergy' 

refers to the incapacity of activated T cells to produce IL-2, thereby preventing the cell to 

respond to subsequent antigenic (or rnitogenic) challenge and fiom helping other immune 

cells to proliferate and differentiate [Schwartz, 19901. This state bas been shown to be the 

result of inappropriate costimulation and is typicaiiy reversible by the exogenous addition 

of IL-2 [Beverly et al., 19921. In this regard, TCR stimulation by antigens, superantigens, 

and mitogens aU require costirnulatory signals to induce proliferation [Sopori et al., 19871, 

[Licastro et ai., 19931; only the combination of phorbol esters with calcium ionophores can 

induce full T ceil activation (Le. proiiferation) in the absence of accessory cells p m e h  et 



al., 19851. This study has established that PBMC cultures stirnulated with exoenzyme S do 

not produce significant levels of IL-2 as detected by bioassay. Further, the initial 

stimulation event by exoenzyrne S does not induce rneasurable increases in CD25 

expression. Appropriately, the lack of CD25 expression is also consistent with the finding 

that exogenous addition of IL-2 did not reverse the arrested state. In short, the current level 

of understanding suggests that exoenzyme S, in the strictest sense of the term. does not 

induce anergy, although it is acknowledged that more detailed studies to address this issue 

remain to be performed. 

Previous observations demonstrated that the T ceLi response to exoenzyme S had 

characteristics of a Mtogen. but that it also had characteristics of a recaü antigen wody et 

al.. 19951. Consistent with this, the results herein showed that exoenzyme S could activate 

naive lymphocytes and induce their proliferation, however the magnitude of proroliferation 

was significandy less than aU mitogens and superantigens tested. More specifically, the 

mitogenic response induced by exoenzyme S is defined by relatively slow proliferation 

kinetics (day 7) and a low magnitude of proliferation (SM). Subsequent analysis has 

shown that the relative discrepancy between significant early activation and marginal 

subsequent proliferation can be explained, at least in part. by the induction of an apoptotic 

signaling pathway. 

4.2 Apoptosis as a Mechanism of Host Evasion 

Apoptosis has long k e n  shown to be an important mechanisrn for the maintenance 

of both centrai and peripheral tolerance [Singer and Abbas, 19941. The deregulation of 

which has also been shown to resuit in autoimmune disease. Mice incapable of undergoing 

apoptosis due to deficiencies in Fas (lpr) or Fas ligand (gld) underlie the importance of 

apoptosis as a homeostatic mechanism of the immune system, as such animals suffer from 

generaiized tymphadenopathies and lymphoproliferative disorders [Davidson et ai., 19861. 

For a number of other diseases, the modulation of apoptosis has been shown to be 





and Sansonetti, 19971. Therefore, there ate at least three distinct mechanisms by which 

bacterial apoptosis may contribute to disease: i) cellular deletion of responding leukocytes; 

ü) inhibition of apoptosis in infected ceus; and üi) initiation of inflammation [Zychlinsky 

and Sansonetti, 19971. 

It has clearly been demonstrateci that purifieci preparations of exoenzyme S can 

cause significant levels of apoptosis in PBMC cultures. This is not the fmt report of P. 

aeruginosa exoproducts causing apoptosis; in 1993 it was reported that exotoxin A induced 

apoptosis in culhued U937 cells [Kochi and Collier, 19931. However, the mechanism of 

induction was shown to be a non-specific result of inhibition of protein synthesis [Kochi 

and Collier, 19931. Clearly, the mechanism by which exoenzyme S induces apoptosis is 

different as the preparation used in these experiments (ExoSIDGl) is enzymaticaily 

inactive. This is the fmt report of a Pseudomuncu exoproduct to activate a ce1 death 

pathway. The apoptosis induced by exoenzyme S showed both early (phosphatidylserine 

uanslocation) and late (DNA fragmentation) features characteristic of this death 

parzynkiewicz et al., 19971. Phenotypic analysis determined that fieshly isolated T cells 

do undergo apoptosis in response to exoenzyme S. even though this population has been 

shown by others to be relatively resistant to death [Boehme and Lenardo. 19931. 

Prelirninary experiments suggest that death may dso be o c c ~ g  in monocyte populations 

although the paucity of this cell type did not d o w  for accurate calculations. Exoenzyrne S 

may also be able to induce apoptosis of B ceiis, however the high degree of spontaneous 

apoptosis in this population [Oyaizu et al ,  19971, did not allow for precise or reproducible 

results. Therefore, the only PBMC population that consistentiy undement apoptosis in 

both assays in response to exoenzyme S was CD3' T cells. Aithough measurable levels of 

exoenzyme S-induced apoptosis does not occur until day 3 of culture, certainly the 

initiation phase of the apoptotic pathway may be signaled immediately and once this path is 

taken, it rnay not be reversible. The induction of apoptosis by exoenzyme S is not 

contingent on previous proliferation as has k e n  show to occur for bacterial superantigens 



FlacDonald et al., 199 11, although it is most probable that both proliferation and apoptosis 

are occuning in culture. Therefore, the proliferative response that is measured on day 7 by 

uptake of 3 ~ - ~ d ~  is, in reality, the net effect of these two events. Indeed, given the fact 

that cells undergoing apoptosis increase throughout the length of the assay, the proliferative 

levels could potentially nsemble those of other mitogens if the apoptotic pathway utilized 

by exoenzyme S could be disassociated or prevented. 

Although apoptosis of cultures induced by exoenzyme S is initiated after the 

expression of CD69 occun. these two events may be associated. Despite the fact that there 

is no correlation between levels of activation and subsequent Ievels of apoptosis in 

response to exoenzyme S. the possibility remains that exoenzyme S rnay be able to induce 

sufficient levels of CD69 (that in tum, signal for subsequent death) in all cultures. 

Interestingly , crosslinking of surface CD69 has k e n  shown to induce apoptosis in 

eosinophils Walsh et al.. 19961. More importantly, CD69 expression on freshly isolated T 

cells has been shown to correlate with subsequent apoptosis p u  et al., 19971. indeed, the 

higher degree of resistmce to apoptosis in freshly isolated peripheral T cells is suggested to 

be a result of their resting state [Boehme and Lenardo, 19931. In this regard, the degree of 

T ce11 apoptosis induced by exoenzyme S in the lung may indeed be higher than the in vitro 

results obtained in this study as, by definition. recruited T cells in the lungs are already in 

an activaied state (Davidson et al.. 1 9851, pominique et aL , 1990 1, [Saltuii et al., 1 9901, 

[Yamaguchi et ai., 19901, [Strickland et al.. 19931. 

Suprisingly. this study demonstrated bat T ceil responses to exoenzyme S between 

CF patients and normal controls were similar. Previous studies by others have shown bat 

PBMC responses to a variety of mitogens are the sarne for CF patients and normal controls 

[Sorensen et ai., 19771, suggesting that peripheral T ceil capabilities are not altered. 

However, it is interesthg to speculate whether lung T ceil responses from CF patients 

would have altered proliferative or apoptotic capabilities, assuming T ce11 stimulation 

OCCLUS under significantiy different activation States [Saltini et al., 19901, [Strickland et al., 



19931. in other words, the relative activation state of the T cell (and the local environment it 

is in) rnay define its predilection to inflammation or apoptosis. With rhis view, it is not 

suprising that peripherd T cell responses to exoenzyrne S did not differ between CF 

patients and healthy controls. indeed, future shidies using exoenzyme S-stimulated lung T 

cells fiom CF patients and healthy controls may help clariS this issue. 

The switch that determines whether T ceiis undergo activation induced death or 

proliferation is of great interest, but unfortunately remains poorly understood. It is 

interesting to speculate however, that exoenzyme S rnay induce CD69 expression and 

subsequent apoptosis through a comrnon pathway. Supporting this possibility is evidence 

which shows that induction of the transcriptional regulator AP-1 occurs in apoptotic celis 

[Sikora et al., 19971. Yet other regulators, narnely NF-kB, are also involved in the 

regulation of activation induced apoptosis in T lymphocytes [Ivanov et ai., 19971. As stated 

previously, induction of CD69 expression on T ceiis has been shown to be signaied via 

these regulators [Lbpez-Cabrera et al., 19951, [Castellanos et al., 19971, raising support 

for the possibility that early activation and subsequent death signals induced by exoenzyme 

S may be one in the same. 

4.3 Hypothetical Mode1 of Exoenzyme S-Induced Pathogenesis 

The outcome of the T cell response to rnitogens, superantigens, and antigens is 

quite different. Although T c d  responses in vivo are complex, in general, mitogens and 

superantigens are both capable of inducing a non-specific infiammatory response and can 

aiso promote a subsequent state of unresponsiveness MacDonald et ai., 19911, 

Pgnatowicz et al., 19921, or apoptosis [Jenkinson et al., 19891, [Webb et al., 19901, 

~acDonald  et al.. 199 11, [Damle et al., 19931, ~cCormack et al., 19931. In generai, 

antigens stimulate T lymphocytes for B ceil help, for delayed hypersensitivity and for 

production of memory cells. Thus, recali antigens are capable of stimulating an effective 

immunologie response resulting in enhanced host defense, while stimulation by mitogens 



and superantigens resuit in inflammation, and potentidly, impaired host defense 

[Andersson et ai.. 19921, [Kotzin et ai., 19931, [Uchiyama et al., 19941, 

Cystic fibrosis can be characterized as a persistent, self-sustaining state of 

pulmonq inflammation that ultimately destroys the airways, impedes gas exchange and 

leads to death [Konstan and Berger, 19931. T lymphocyte activation has been irnplicated in 

the onset of pulrnonary inflammation in CF patients [Azzawi et al., 19921, [Dagli et ui., 

19921. With as much as 10% of bronchoalveolar lavage fluid (BAL) celis king 

lymphocytes and the majority of these king T ceils [Hunninghake et ai., 19791, the 

potentiai contribution to pulmonary inflammation by these cells remains quite high. It is 

proposed that initial T ceil activation induced by exoenzyme S may result in the release of 

proinflammatory cytokines, thereby contributing to the chronic state of inflammation by 

activating a large percentage of naive T cells as they are recruited to the lung (Fig. 33). 

Certainly, the overproduction of T ce11 derived cytokines could contribute to respiratory 

exacerbations of disease in CF patients. Therefore, the T cell derived mediators could 

promote a chronic state of inflammation and impede host clearance of the organism in CF 

patients. 

During an infection with Pseudomonas aeruginosa, T celis are recnùted to sites of 

inflammation from hilar lyrnph nodes. In order for T cells to enter the lungs, expression of 

adhesion molecules (Le. 82 integnns) on the surface of both recruited T cells and 

pulrnonary vascular endothelium is required [Albelda and Buck, 1 9901, [Dustin and 

Spnnger, 199 11. Once recruited, local exposure of T cells to exoenzyme S may result in the 

reiease of cytokines that ampli@ an inflanmatory response by recruiting and activating 

other T cells and non-specific effector ceils such as monocytes and neutmphils [Bnunmer 

and Stevens, 19841, /jblurray et al., 19851, [Hunninghake et ai., 19871, moiiins, 19971. 

The importance of T cell activation in the pathology of CF is supported by the fact that 

peripheral T ceil activation (soluble CD25 secretion) has ken  shown to precede clinical 

evidence of inflammation [Da& et aL, 19921. Further, the evidence t h  supports a 
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Fig. 32 Mode1 of lymphocyte-mediated CF pathogenesis in response to exoenzyrne S. 



proindammatory nlease of cytokines in the CF lung is substantial. Early studies showed 

that levels of TNF-a, IL- la, IL- If!, and IL-6 were elevated in sputum samples from CF 

patients infected with Pseudomona~ aemginosa [Kronborg et  al.. 19931 and that there is an 

increase in circulating TNF-a in the weeks pnor to death [Elbom et ai., 19931. More 

recently, Bonfield and colleagues demonstrated that TNF-a, IL- 1 p. IL-6 and IL-8 were a i i  

significantly increased while IL- IO was decreased in CF bronchoalveolar lavage fluid 

(BAL) compared to healthy controls [Bonfield et ai., 19951. Subsequent snidies showed 

that branchial epithelial cells from CF patients downregulate the production of the anti- 

inflamrnatory cytokine IL-10, which is constitutively produced by these ceUs in hedthy 

conuol subjects [Bonfield et al., 19951. To this end, exoenzyme S-stimulated T celis may 

regulate the nlease of monocyte denved proinflarnmatory cytokines, perhaps through the 

release of IFN-y [Murray et al., 19851. Understanding the mechanisrn of T ceil activation 

by exoenzyme S will help direct hture therapies. This study suggests that strategies airned 

at downregulating the T cell response to exoenzyme S would benefit CF patients. These 

smtegies could potentially subven a large, but ineffective infiammatory response reducing 

pulmonary damage. 

4.4 ExoSDGl and rExoS Possess Similar Ability to Activate T 
Lymphocytes 

P. aeruginosa strain 388 and svain DG 1 (the respective strains fiom which rExo S 

and ExoStDG1 are purified) have been shown to cause significantly p a t e r  cellular toxicity 

and dissemination of infection compared to isogenic mutants when instilled using the rat 

agar bead mode1 [Nicas et al., 19891, Woods and Sokol, 19851. In vitro, mutation of the 

exoenzyme S gene abrogates cellular cytotoxicity of strain 388 [Olson et al., 19971 and 

ExoS/DGl produces cellular cytotoxicity [Woods et a l ,  19881. Although one of the most 

important properties of exoenzyme S is its ability to ADP-ribosylate target proteins 

[Iglewski et ai., 19781, cellular cytotoxicity does not require ADP-ribosyl transferase 

activity for either preparation [Woods et al., 19881, [Kudoh et al., 19941, Despite their 



similarities, there are differences between rExoS and ExoS/DGl. rExoS produces a single 

band at 49 kDa whiie ExoSDGl runs at 50 kDa. Both preparations initiaily undergo anion 

exchange chromatography; however, rExoS is pwîfied via ultrdtration (XM300), while 

EXOSDG 1 is subject to acetone precipitation and gel filtration (G- 100). Cellular toxicity for 

rExoS requires bacterial contact with target cells [Olson et al., 19971. while ExoSDGl 

does not Woods et al.. 19881. This study has shown that rExoS possesses ADP-ribosyl 

transferase activity while ExoSDG 1 does not, consistent with previous fmdings Woods 

and Que, 19871, [Kulich er aL. 19951. It was because of these differences that it was 

important to determine whether both preparations activated lymphocytes suggesting that the 

region in ExoS/DG1 that was responsible for lymphocyte activation and proliferation was 

shared by rExoS. In this regard, both preparations induced signifiant levels of CD69, and 

reiatively modest levels of proliferation. Further, evidence for a shared immunostimulatory 

epitope between preparations is suggested by the abiiity of the monoclonal antibody 9-49-9 

(raised against ExoSlDG 1) to significantiy neutralize CD69 expression induced by either 

preparation. It was shown that the interaction between 9-49-9 and rExoS was specific as 

determined by immunoblotting. To summarize, the data herein show that although 

differences exist between ExoSDGI and rExoS. there nmains ~ i g ~ c a n t  physiological 

sirnilarity between them, at least in ternis of their ability to activate T cells. It is interesting 

to speculate whether ail rnembers of the family of related proteins (ExoS, ExoT and ExoU) 

might also cause T cell activation; indeed, it is possible that ExoSlDGl is functiondy more 

similar to one of these related proteins. Further testing WU be required to detemine 

whether ai l  rnembers of the gene cluster activate lymphocytes. 



4.5 Future Directions 

Detemiining whether T cells are capable of inducing proinflammatory cytokine 

secretion is of obvious clinical importance in the treatment of CF. In this regard it is 

interesting to speculate whether induction of CD69 expression induced by exoenzyme S 

(and other members of the gene cluster such as Exo T and Exo U) is associated with 

cytokine secretion and apoptosis. Prelirninary studies performed by other members of the 

laboratory have indeed shown transcnpt upregulation of a number of proinflammatory 

cytokines from PBMC stimulated with exoenzyme S in vitro. Depending on the secretion 

patterns of biologically active cytokines. complimentary killing assays that would use 

exoenzyme S to prime T cells to kill Pseudomonas aeruginosa in vitro would add to our 

limited knowledge on how to clear the organism in vivo. In the event that synchronicity 

exists between early T cell activation and subsequent signalling for apoptosis, the cellular 

transduction pathways which are king signaled by exoenzyme S should be explored in a 

sequential manner beginning with transducers most proximal to the initial event. These 

experiments are intended to detect gene products which may be involved in the arrestation 

of T cell activation and execution of the death pathway. To date. the use of specific 

aldehyde or chloromethylketone groups in vivo as therapeutic inhibiton of apoptosis is 

restncted due to their toxic nature, however their use in in vitro assays should aiso provide 

insight into which caspases are becorning activated in response to exoenzyme S. Because 

of the differences in activation States between peripheral T ceUs and lung T cells, future 

experiments should compare their in vitro responses (early and late activation, proliferation, 

apoptosis) to exoenzyme S within individual donors (normals, CF patients, and patients 

with idiopathic bronchiectasis). This proposed research will contribute to our 

understanding of the role of exoenzyme S and other exoproducts from Pseudomonas 

aeruginosa in the pathogenesis of CF in hopes of developing appropriate therapeutic 

strategies. 



4.6 Summary 

Exoenzyrne S from Pseudomo~s aemginosa strain DG1 p W ~ e d  by the method of 

Woods Woods and Que, 19871 is imunologicaiiy similar to recombinant exoenzyme S 

purified by the method of Kulich [Kulich et of., l9%]. Both preparations have ken show n 

to induce freshly isolated human peripheral T ceiis to express similar levels of CD69 and 

with similar kinetics. The induction of significant T ceil activation induced by these 

preparations however, does not translate into similarly high levels of subsequent 

proliferation determined by 'H-TÇIR incorporation. The relatedness of these two 

preparations was demonstrated by the ability of monoclonal antibodies (9-49-9) raised 

against ExoS/DG 1 to neutralize the in vitro induction of T ce11 activation (CD69 expression) 

by either ExoSlDG 1 or rExoS. The specifcity of the interaction between mAb 9-49-9 and 

EXOSDG 1 and between rnAb 9-49-9 and rExoS was visualized by dotblot and immunoblot 

respectively. This data clearly demonstrates that these preparations are irnmunologicaiiy 

sirnilar in these assays. Further, the abiliry of rnAb 9-49-9 to specificaüy recognize rExoS 

and neutraiize its activity in vitro suggests that both preparations share a common 

stimulatory epitope. 

Exoenzyrne S (ExoSIDG1) was shown to stimulate fetd and adult C D ~ ~ R A +  

(immunologically naive) T cells to proliferate. T ceil proliferation was shown to be 

dependent on the presence of accessory cells, but independent of HLA-DR. The Vp 

(variable region of the @ chah of the TCR) npertoire of responding T ceils was aIso 

evaluated to determine whether exoenzyme S was stiniulating T ceils as a superantigen. T 

ce11 stimulation by exoenzyme S was shown to be polyclonal, rather than oligoclonal, in 

terms of Vf3 TCR usage. Together, this data suggests that exoenzyme S stimulates T cells 

as a rnitogen, but not a superantigen. However, some uncommon characteristics for 

mitogens were obsented such as relatively slow kinetics (day 7 instead of day 3) and 

signifcantly lowered magnitudes for proliferation. This prompted m e r  characterization 

of the T ceU response to exoenzyme S. 





leads to the possibility that it contributes to the local immune paralysis by destroying 

potential effector T ceiis . 
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