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Summary
The aim o f this study was to investigate the mechanisms by which filamentous haemagglutinin (FHA) from 

Bordetella pertussis modulates immune responses. FHA is an adhesion molecule o f  B. pertussis and 

facilitates bacterial binding to the respiratory mucosa following infection. It has been suggested that FHA 

modulates TTil responses by stimulating the production o f the immunoregulatory cytokine IL-10 from 

macrophages and dendritic cells (DC). IL-10 production by cells o f  the innate immune system may be 

responsible for the delayed development o f  adaptive immune responses following infection with B. 

pertussis.

This study examined the modulatory effect o f FHA on Th cell responses following challenge o f 

BALB/c mice with wild type B. pertussis (BP338) and a mutant devoid o f  FHA (BPM409). The results 

suggested that systemic immune responses were not enhanced in mice infected with BPM409. However, 

this may reflect the reduced bacterial burden observed in the lungs o f  mice infected with BPM409 and is 

consistent with findings from this study demonstrating that FHA expression is vital for the colonisation o f 

pulmonary epithelial cells by B. pertussis. However, there was evidence to suggest that FHA may modulate 

local immune responses and a compartmentalisation o f the immune response may occur during infection. 

This finding is consistent with the observation that un-stimulated pulmonary DC produce significantly 

higher levels o f IL-10 when compared with splenic DC.

Studies in IL-10 defective (IL-10' ') mice showed enhanced local and systemic immune responses 

following B. pertussis  infection, suggesting that IL-10 plays an important role in the suppression o f ThI 

responses during infection o f  normal mice. Interestingly, despite the stronger ThI responses, the bacterial 

burden was elevated in the lungs o f  B. pertussis infected IL-10' ' mice and probably reflects increased local 

pathology and damage to ciliated epithelial cells o f  the respiratory tract which may have affected clearance.

Assessment o f  the signalling pathways involved in FHA-induced IL-10 production demonstrated 

that FHA activates STAT-3 phosphorylation and induced SOCS-3 expression in DC and macrophages. 

These signalling molecules suppress IFN-y production and may provide an insight into signalling pathways 

exploited by FHA to exert its immunomodulatory effect. In addition, FHA inhibited phosphorylation of 

ERK in DC and macrophages, suggesting that FHA may directly inhibit signalling pathways as well as 

inducing IL-10 production, in order to modulate innate immune responses.

This study also examined the possible role o f  FHA in modulating immune responses to third party 

vaccine antigens. Pertussis vaccines are usually administered to children as part o f  combination vaccines 

with diphtheria (Dip), tetanus (Tet), polio and Haemophilus influenza  type b (Hib). However, the switch 

from whole cell (Pw) to acellular pertussis (Pa) vaccines has resulted in a decline in antibody responses to 

other components o f  the combination vaccine. No satisfactory explanation has been put forward to explain 

this interference. This study showed inclusion o f Pw in diphtheria and tetanus combination vaccines 

enhanced diphtheria or tetanus-specific Thl responses and antibody production, whereas addition o f  Pa or 

FHA resulted in a mixed antigen-specific Thl-Th2 response and a reduction or no change in antibody 

responses in immunized mice. These findings suggest that the inclusion o f Pw in multi-component vaccines 

may enhance protection but that Pa may reduce efficacy through the modulatory effect o f  FHA.



ABBREVIATIONS

aa Amino acid

Ac-Hy Adenylate Cyclase Toxin

AIDS Acquired Immunodeficiency Syndrome

Aggs Agglutinogens

Ag Antigen

AKP Alkaline phosphatase

cAmp 3', 5' cyclic adenosine monophosphate

AP Activator Protein

APC Antigen Presenting Cell

BAL Bronchoalveolar Lavage

BALT Bronchus Associated Lymphoid Tissus

BMDC Bone Marrow Derived Dendritic Cell

BP Bordetella pertussis

BSA Bovine Serum Albumin

CPU Colony Forming Units

CpG-ODN Cystosine-phosphate-guanosine synthethic oligonucleotide motif

CPM Counts Per Minute

CR Complement Receptor

CT Cholera Toxin

CTL Cytotoxic T Lymphocytes

DC Dendritic Cell

iDC Immature Dendritic Cell



DipTet-Pa Diphtheria-Tetanus-Pertussis (acellular pertussis vaccine)

DipTet-Pw Diphtheria-Tetanus-Pertussis (whole-cell pertussis vaccine)

DNA Deoxyribonucleic Acid

Dt Diphtheria Toxoid

DTP Diphtheria-Tetanus Pertussis Vaccine

EDTA Ethylenediaminetetracetic Acid

ELISA Enzyme Linked Immunosorbent Assay

ERK Extracellular Signal Regulated Kinase

FACS Fluorescent Activated Cell Sorter

PCS Foetal Calf Serum

FHA Filamentous Haemagglutinin

FITC Fluorescein Isothiocyanate

GM-CSF Granulocyte Macrophage-Colony Stimulating Factor

GALT Gut Associated Lymphoid Tissue

HI Heat Inactivated

HIB Haemophilus influenza type b polysaccharide

HLT Heat Labile Toxin

HRP Horseradish Peroxidase

I CAM Intracellular adhesion Molecule

IFN Interferon

Ig Immunoglobulin

IGIF Inteferon Gamma Inducing Factor

IkB Inhibitor o f NF-kB



i.m Intramuscular

i.n Intranasal

IFN Interferon

i.p Intraperitoneal

JAK Janus-Family Tyrosine Kinase

IL- Interleukin

LF Lethal factor, fused polycationic peptide

LPS Lipopolysaccharide

MACS Magnetic Activated Cell Sorter

MARK M itogen Activated Protein Kinase

MCP M onocyte Chemotactic Protein-1

MHC Major Histocompatibility Complex

MIP M acrophage Inhibitory Protein

MW M olecular Weight

ng nanogram

NK Natural Killer Cell

N K -kB Nuclear Factor-KB

NMS Normal Mouse Serum

OD Optical Density

OVA Ovalbumin

Pa Pertussis acellular vaccine

PBA PBS/BSA/Azide

PBMC Peripheral Blood M ononuclear Cells



PBS Phosphate Buffered Saline

PE Phycoerythrin

pg picogram

PKA/C Protein Kinase A/C

PM A Phorbol Mysteric Acid

PRN Pertactin

PT Pertussis Toxin

PTd Chemically detoxified PT

Pw W hole-cell pertussis vaccine

RANTES Regulated on Activation Normal T-Cell Expressed

ROI Reactive oxygen intermediates

RPMl Rosewell Park Memorial Institute

RSV Respiratory Syncytial Virus

SCN Superficial cervical nodes

SE Standard Error

SOCS Suppresser o f  Cytokine Signalling

STAT Signal Transducer and Activation o f  Transcription

TBS Tris Buffered Saline

TCR T-Cell Receptor

TCT Tracheal Cy to toxin

TGF Transforming Growth Factor

Th T-Helper Cell

TLR Toll Like Receptor



TMB 3,3', 5,5'-Tetramethyl-Benzidine

TN Thoracic node

TNF Tumour Necrosis Factor

Tt Tetanus Toxoid

UV Ultra Violet

VAGS Virulence-Activated Genes

VLA Very Late Antigen

VRGS Virulence-Repressed Genes

WHO World Health Organisation



T a b l e  o f  C o n t e n t s

Title

Declaration o f  Authorship

Acknowledgements

Publications

Summary

Abbreviations

C h a p t e r  1 - G e n e r a l  In t r o d u c t io n

1.1 General Introduction 1

1.2 Classification and M orpholohy 3

1.3 Clinical Aspects o f  the Disease 4

1.4 Bordetella y\x\i\tncQ 5

1.4.1 Virulence Gene Regulation 5

1.5 Virulence Factors 6

1.5.1 Filamentous haemagglutinin 6

1.5.2 Fimbriae 10

1.5.3 Pertactin 11

1.5.4 Pertussis Toxin 12

1.5.5 Tracheal Cytotoxin 15

1.5.6 Dermonecrotic Toxin 16

1.5.7 Adenylate Cyclase Toxin 16

1.5.8 Lipopolysaccharide 18



1.6 Models for Assessing Immunity to B. pertussis  20

1.6.1 M urine M odels for Studies o f  Immunity to B. pertussis  20

1.6.2 Pertussis and M ulti-Component Vaccines 22

1.7 Innate Immune Responses 23

1.8 Adaptive Immune Responses 27

1.8.1 B Lymphocytes 27

1.8.2 Humoral Immunity and B. pertussis  Pathogenesis 31

1.8.3 T Lymphocytes 33

1.9 T Cell Differentiation 35

1.9.1 Regulatory T cells 37

1.9.2 Regulatory Cytokines 40

1.9.2.1 Interleukin-10 40

1.9.2.2 lnterleukin-12 42

1.9.2.3 Interleukin-18 43

1.9.2.4 Interleukin-6 44

1.9.2.5 Interleukin-4 45

1.9.3 Signalling and T Cell Differentiation 46

1.9.4 Cell M ediated Immunity during B. pertussis  Pathogenesis 48

1.10 Cells o f  the Pulmonary Immune System 50

1.10.1 Alveolar M acrophages 50

1.10.2 Lymphocytes 51

1.10.3 Dendritic Cells 53

1.10.4 Neutrophils 53



1.11 Chemokines 54

C h a p t e r  2 -M a t e r ia l s  a n d  M e t h o d s

2.1 Preparation o f  M edia and Buffers 57

2.2 Bordet-Gengou Medium 57

2.1.2 Phosphate-Buffered Saline 57

2.1.3 Tris-Buffered Saline 58

2.1.4 Stainer and Scholte M edium 58

2.1.5 Ammonium Chloride Lysis Buffer 59

2.1.6 Cell Culture Medium 59

2.1.7 Diethanolam ine Buffer 59

2.1.8 SDS/PAGE Gel Preparation 60

2.1.9 M olecular W eight M arkers 60

2.1.10 RIPA Extraction Buffer 60

2.2 Strains and Antigens 61

2.3 Mouse Strains 61

2.4 Antibodies 62

2.5 Cytokine Standards 62

2.6 Cell Lines 62

2.7 Cryopreservation o f  Cells in Liquid Nitrogen 62

2.8 Assessment o f Cell Viability 63

2.9 Formaldehyde Detoxification o f  Bacterial Antigens 63

2.10 Bio-Rad Protein Assay 64



2.11 UV-Sterilization 64

2.12 Preparation o f  Acellular Pertussis Vaccines 64

2.13 Whole Cell Pertussis Vaccines 65

2.14 Immunizations 65

2.15 Aerosol Infection o f  Mice 65

2.16 Enumeration o f  Viable Bacteria in the Lung 66

2.17 Bronchoalveolar Lavage 66

2.18 M orphological Identification o f  Cells 67

2.19 Purification o f  T Cells using the Pierce Mouse T Cell 68 

Purification Column

2.20 Purification o f  T Cells from Murine Spleens using the M agnetic 69

Activated Cell Sorting System

2.21 Purification o f immature Dendritic Cells from Murine Lungs and 70

Spleens using the the M agnetic Activated Cell Sorting System

2.22 Preparation o f  Antigen Presenting Cells 71

2.23 Detection o f  Cytokines 71

2.23.1 IL-4, lL-5, IL-6 and IFN-y ELISA 72

2.23.2 IL -12p40 ELISA 73

2.23.3 IL -ip , IL-10,1 L -12 p70, and TN F-a ELISA 73

2.24 Detection o f  Chemokine Production in Neat Lungs or Stimulated BMDC 74

2.24.1 M IP -la  ELISA 75

2.24.2 MIP-1 p, M IP-2, MCP-1 and RANTES ELISA 75

2.25 Determination o f Serum IgG Antibody and Subclass Levels 76



2.26 Determination o f  Lung IgA Antibody Responses 77

2.27 Signalling in M acrophages and DC Stimulated with Immunomodulators 78

2.28 Effect o f  the p-ERK Inhibitor, PD98059, on Cytokine Production 80

LPS Stimulated BMC

2.29 Assessment o f Bacterial-M ammalian Cell Adherence using the 80

BacLight Live/Dead Viability Kit

2.30 Flow Cytometry 81

2.30.1 A nalysisofC D SO , CD86, CD40, CCR5, M H C classIl, C D l l c a n d  82

CDl  lb Expression on APC

2.30.2 Analysis o f  CD4 and CD3 Expression on T cells isolated from OVA 82 

TCR Tg Mice

2.31 Statistics 83

C h a p t e r  3- R o l e  o f  FHA in  im m u n e  r e s p o n s e s  t o  B. p e r t u s s i s  i n

VIVO

3.1 Introduction 91

3.2 Results 96

3.2.1 Kinetics o f Bacterial Clearance in the Lungs o f  BALB/c Mice Infected 96

with a B. pertussis Wild Type Strain (BP 338) and a M utant Strain 

Devoid o f  FHA (BPM  409)

3.2.2 Cytokine and Chemokine Responses in the Lungs o f  BALB/c Mice 96

Infected with BP 338 or BPM 409

3.2.3 Cellular Infiltration and Cell Surface M arker Expression in the Lungs 98



and Lymph Nodes of BALB/c mice Infected with BP 338 and BPM 409

3.2.4 B. per^M^'j'w-Specific Cytokine Responses in the Lungs and Lymph 100

Nodes o f BALB/c Mice Infected with BP 338 or BPM 409

3.2.5 B. /7erto.sw-Specific Cytokine Responses in the Spleen o f BALB/c 101

Mice Infected with BP 338 or BPM 409

3.2.6 Serum IgG Isotype and Lung IgA Responses in BALB/c Mice Infected 101

with BP 338 and BPM 409

3.2.7 Attachment o f BP 338 and BPM 409 to RAW and J774 macrophages, 102

the DC 2.1 Cell Line and the Human NCI-H292 Epithelial Cell Line

3.3 Discussion 103

C h a p t e r  4- E f f e c t  o f  FHA a n d  p e r t u s s i s  v a c c i n e s  t h a t  i n c l u d e

FHA ON THE im m u n e  r e s p o n s e s  OF CO-INJECTED ANTIGENS

4.1 Introduction 127

4.2 Results 133

4.2.1 Effect of Pertussis Vaccines or FHA on Dt-Specific Cytokine Production 133 

by Spleen Cells from BALB/c Mice Co-Immunized with Multi- 

Component Vaccines

4.2.2 Effect o f Pertussis Vaccines or FHA on Tt-Specific Cytokine Production 134 

by Spleen Cells from BALB/c Mice Co-Immunized with Multi- 

Component Vaccines

4.2.3 B. /?er/w.s5w-Specific Cytokine Production by Spleen Cells from BALB/c 136 

Mice Immunized with Multi-Component Vaccines



4.2.4 Serum Antibody Responses in BALB/c mice Immunized with Multi- 137

Vaccines

4.3 Discussion 139

C h a p t e r  5- I n f l u e n c e  o f  FHA o n  a c t i v a t i o n  o f  p u l m o n a r y  a n d

s p l e n ic  D C

5.1 Introduction 158

5.2 Results 163

5.2.1 Immature Spleen and Lung DC are Phenotypically Distinct 163

5.2.2 Surface M arker Epression and Cytokine Production by 163

Immunomodulated Pulmonary and Spleen DC

5.2.3 Antigen-Specific Cytokine Production by OVA-T Cells Co-Incubated 165

Imm unomodulated Spleen and pulmonary DC

5.3 Discussion 167

C h a p t e r  6 - R o l e  o f  I L -1 0  in  t h e  p a t h o g e n e s i s  o f  B . p e r t u s s i s  

i n f e c t i o n

6.1 Introduction 181

6.2 Results 184

6.2.1 Enhanced Inflammatory Cytokine Production in the Lungs o f  IL-IO’'"' 184

Mice Infected with B. pertussis

6.2.2 Antigen-Specific Th Responses in the Spleen and Local Lymph Nodes 184

o f  B. pertussis  C57BL/6 Wild Type and IL-10 Mice



6.2.3 Significantly Elevated lgG2a Production is Observed in the Serum 185

o f lL-10'^' mice Infected with B. pertussis

6.2.4 Increased Bacterial Burden in the Lungs o f lL-10'^' Mice Following 186

B. pertussis Respiratory Challenge

6.3 Discussion 187

C h a p t e r  7 -  F H A - in d u c e d  a c t iv a t io n  o f  s ig n a l l i n g  p a t h w a y s  in  D C  

AND m a c r o p h a g e s

7.1 Introduction 202

7.2 Results 207

7.2.1 FHA Stimulates IL-10 Production and Inhibits IL-12 Production 207

by BMDC

7.2.2 Stimulation o f  Macrophages with FHA Activates STAT-3 207

Phosphorylation

7.2.3 FHA Induces STAT-3 Phosphorylation in DC 208

7.2.4 FHA Induces SOCS-3 Expression and Inhibits STAT-1 Phosphorylation 209 

in J774 M acrophages

7.2.5 FHA Induces SOCS-3 Expression in DC 210

7.2.6 FHA does not M odulate p-38 phosphorylation in J774 M acrophages 210

7.2.7 FHA M odulates LPS Driven p-p38 in BMDC at Extended Incubation 211

Periods

7.2.8 FHA Inhibits Both Endogenous and LPS Driven p-ERK in J774 211

M acrophages



7.2.9 FHA Inhibits p-ERK in B M D C  212

7.2.10 Inhibition o f  p-ER K  in B M D C  using the ERK Inhibitor, PD98059. 212

7.3 Discussion 214

C h a p t e r  8 - G e n e r a l  D is c u s s io n  236

C h a p t e r  9- R e f e r e n c e s 243



C h a p t e r  1 

I n t r o d u c t i o n



1.1 General Introduction

The ‘ 100 day cough’ was the phrase used to describe the acute and highly contagious 

bacterial infection o f the human respiratory tract characterised by paroxysms o f severe 

coughing persisting for periods o f up to three months. Although the disease was first 

identified during the fifteenth century and referred to as pertussis infection meaning a 

violent cough (Lapin et al., 1943), it was almost two centuries before the etiological 

agent was isolated (Bordet and Gengou, 1906, Proom, 1947). Culturing o f sputum 

retrieved from infected children identified a small, gram negative, aerobic coccobacillus, 

later referred to as Bordetella pertussis (Pittman et al., 1984). This agent is responsible 

for what is now widely referred to as the whooping cough.

B. pertussis infection was characterised as one o f the most frequent and severe 

childhood diseases resulting in infant mortality in the pre-vaccine era. However, the 

development o f a whole cell vaccine in the 1950’s comprising formalin inactivated whole 

bacterial cells greatly altered the epidemiology o f the disease (Gordon et al., 1951, van 

der Zee et a i ,  1996). Routine administration o f this vaccine greatly reduced morbidity 

and mortality in the developing world, reducing the incidence o f infection from 

150/100,000 population before 1941 to an estimated 1.2/100,000 population during the 

1980’s (Farizo et al., 1992). The whole cell vaccine (Pw) was effacious in conferring 

protective immunity in the host for up to twelve years post immunization (Linnemann et 

al., 1977). However, the emergence o f a safety profile describing Pw as reactogeneic and 

its association with mild to severe neurological conditions in a population o f recipients 

led to a fall in immunization levels (Miller et ah, 1982, Cherry et al., 1988). This resulted 

in the re-emergence o f pertussis in developed countries such as Sweden (Romanus et al..



1987), Italy (Binkin et al., 1992), Japan (Kanai, 1980), the UK (Miller et al., 1993) and 

Germany (Stehr et al., 1998). Pertussis is currently endemic in certain countries and still 

claims up to 340,000 children’s lives each year (Ivanoff et al., 1997). In addition, the 

increased incidence o f pertussis in previously immunized individuals in the Netherlands, 

USA and Canada has motivated the development o f the new generation of pertussis 

vaccines (Mooi et al., 1988, de Melker et al., 1997, Sheldon, 1998). These acellular 

pertussis vaccines (Pa) comprise highly purified bacterial components, that confer 

protection in the host and have an improved safety profile (Olin et al., 2003, Miller et al., 

1997).

The Pw vaccine confers a higher level o f protection than Pa and induces a Thl 

response in the host, similar to that observed during natural infection (Greco et al., 1996, 

Ryan et al., 1997, Ryan et al., 1998). Studies in a murine model have indicated that these 

two vaccines confer immunity via distinct arms o f the immune response (Redhead et al,. 

1993, Leef et al., 2000, Mills et al., 1998a, Mills et al., 1998b, Mahon et al., 1997a, 

Mahon et al., 1997b). The reduced efficacy associated with the Pa vaccine may simply 

reflect the absence o f additional antigens present in Pw. However, recent findings suggest 

that Bordetella species may express virulence factors capable o f modulating host 

immunity, switching from a more protective arm to a less protective arm o f the immune 

response (Reiman et al., 1990, Berggard et al., 1997, Me Guirk et al., 2000a, Me Guirk et 

al., 2000b, Me Guirk et al., 2002, Boschwitz et al., 1997). Filamentous haemagluttinin 

(FHA), a primary adhesion factor o f B. pertussis and a component o f the new Pa vaccine 

has been identified as one such immunomodulator (Me Guirk et al., 2000a, Me Guirk et 

al., 2002). Studies have shown that FHA can subvert host cell immune responses by

2



binding to leukocyte integrins on human macrophages and monocytes resulting in 

enhanced bacterial binding and delivery o f toxins to host cells (Ishibashi et a i ,  1994, 

Ishibashi et al., 2001). Furthermore, FHA has been shown to induce the production o f 

cytokines by mammalian cells that are responsible for suppressing host immunity, thus 

aiding persistence in the host (Me Guirk et al, 1998, Me Guirk et al., 2000b). This may 

have serious consequences when FHA is included as a component o f Pa. In addition, it 

has been suggested that pertussis vaccines may modulate immune responses to unrelated 

antigens in multi-component vaccine programmes (Bell et al., 1998, Bell et al., 1999a, 

Bell et al., 1999b, Blumberg et al., 1990), This project has attempted to define the 

mechanisms by which FHA modulates systemic and local immune responses during 

pertussi.s' pathogenesis in the host.

1.2 Bordetella pertussis: classification and morphology

Bordetella pertussis are small, gram negative coccobacillus that grow singly or in pairs. 

Bergey’s Manual places them among the “Gram Negative Aerobic Rods and Cocci” 

taxonomic group. Bordetella are nutritionally fastidious organisms requiring cultivation 

on rich media supplemented with blood. Synthetic media such as Bordet-Gengou are 

commercially available, however, growth is generally slow requiring up to six days to 

form colonies which appear punctiform, convex and translucent.

Eight species o f Bordetella have been identified and include B. pertussis (human),

B. bronchiseptica (veterinary), B. parapertussis (human), B. parapertussis (ovine), B. 

avium (birds), B. hinzi (human), B. holmseii (human) and B. trematum  (human) (Mattoo 

et al., 2001/ The virulence mechanisms o f 5. pertussis have been extensively studied and

3



provide an insight into a multi-faceted approach utilised by the bacterium to ensure 

survival and persistence in the host.

1.3 Clinical aspects of the disease

B. pertussis  is a highly contagious respiratory pathogen primarily infecting children less 

than six months old. Adults are also at risk, however the disease is less severe with flu 

like symptoms. Since immunity conferred by vaccination can wane within twelve years, 

adults remain a major reservoir to infect infants. Transm ission to non-vaccinated persons 

is highly efficient (90% -100% ) and occurs by aspiration o f  the bacterium during 

coughing episodes, primarily during the acute phase o f infection (Linnemann et al., 

1968).

The disease has two stages. The initial stage requires colonisation o f  the 

respiratory tract mediated by an array o f bacterial adhesion factors, including FHA, a 

fimbrial outer surface protein and surface bound pertussis toxin (PT). In addition, the 

secretion o f  soluble toxins are important in early colonisation (Cotter et al., 1998). 

During this stage o f  infection the patient will experience fever, malaise and coughing, 

increasing in intensity over a ten-day period. This stage o f the disease can be treated with 

anti-microbial agents. The toxemic phase which follows begins gradually with prolonged 

and paroxysmal coughing and eventually progresses into a characteristic inspiratory gasp 

or whoop, this stage is mediated by the release o f  soluble toxins and is not susceptible to 

treatm ent with antimicrobial agents.
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1.4. Bordetella virulence

B. pertussis expresses an array of surface associated and secreted antigens which permit 

efficient colonisation o f the host (Fig. 1.). Although many o f the soluble mediators o f the 

disease result in tissue destruction the primary objective o f the bacterium is to ensure its 

survival and persistence in the host. Recent studies on the mechanism o f action of various 

B. pertussis virulence factors indicate that they may be capable o f modulating immune 

responses that facilitate and prolong survival in the host. The availability o f knock out 

mice with mutations in genes required for immune effector functions allows us to better 

define the mechanisms involved in virulence factor and host defence interactions.

1.4.1. Virulence gene regulation

Initial host-bacterium contact occurs at the mucosal surface o f the respiratory tract. 

Bordetella expresses a range o f adhesion factors necessary for colonisation and include 

FHA (Cotter et al., 1998, Makhov et al., 1994), identified as the primary adhesion factor 

o f B. pertussis, fimbriae (Mattoo et al., 2000), pertactin (PRN) (Leininger et al., 1992) 

and lipopolysaccharide (LPS) (Harvill et al., 2000). Secretion o f a number of toxins 

follows initial colonisation o f the host resulting in local and systemic host cell disruption.

The most extensively studied virulence factors include tracheal cytotoxin (TCT) 

(Cookson et al., 1989), the bifunctional adenylate cyclase toxin/hemolysin (Ac-Hy) 

(Hewlett et al., 1989), dermonecrotic toxin (Cowell et al., 1979, Nakai et al., 1985) and 

PT (Weiss et al., 1984). Many o f the above virulence genes (except TCT), are co- 

ordinately regulated by the BvgAS regulon (Uhl et al., 1994). This operon is defined as a 

two component regulatory system. The BvgS component is a periplasmic sensor histadine
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kinase that phosphorylates BvgA, a transcriptional activator. Phosphorylated BvgA has 

increased affinity for BvgA promoters (Uhl et a l,  1994). Genes activated by Bvg are 

referred to as virulence-activated genes (Vags), while genes that are repressed are 

referred to as virulence-repressed genes (Vrgs). In addition, promoters o f Bvg activated 

genes vary in their affinity for BvgA. Genes encoding adhesins such as fhaB o f FHA, 

have a high affinity, while those encoding toxins, such as Ac-Hy o f ACT, have a lower 

affinity. This ensures the rapid transcription o f genes required for initial colonisation 

before the release o f destructive soluble toxins.

1.5. Virulence factors

1.5.1 Filamentous Haemagglutinin (FHA)

FHA is a hairpin shaped protein that forms filamentous structures on the bacterial surface 

2 nm in diameter and 40-100 nm in length (Morse & Morse, 1976). It is synthesised as an 

unusually large precursor FhaB (367 kDa) that is modified at its N-terminus (Jacob- 

Dubuisson et al., 1996) and cleaved at its C-terminus (Renauld-Mongenie et al., 1996) to 

yield a mature 220 kDa protein that is found both associated with the cell membrane and 

in secreted form. FHA is exported to the cell surface in large amounts and secretion is 

mediated via a single, specific outer membrane accessory protein, FhaC (Guedin et al., 

2000, Jacob-Dubisson et al., 1999) (Fig. 2).

Proteoliposome swelling assays indicate that FhaC forms sugar-permeable 

channels, slightly larger than those formed by E. coli porins and these channels appear to 

rapidly oscillate between a predominant closed and an open state. In addition, FHA is 

transported through this periplasmic space and does not reside within the bacterial cell for
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a detectable duration (Jacob-Dubisson et al., 1999). FHA and FhaC have been classified 

as members o f the two-partner secretion (TPS) system (Renauld-Mongenie et al., 1996). 

Although large amounts o f FHA are efficiently secreted via this mechanism, an 

appreciable amount remains membrane associated by an as yet undefined mechanism. 

FHA expresses an array o f mammalian cell binding motifs that have characterised it as 

the primary adhesion molecule o f B. pertussis necessary for host colonisation during 

infection (Locht et al., 1993) (Fig. 3). In vitro studies have identified four distinct FHA 

binding domains that mediate adherence to different host cell types (Leininger et al., 

1992, van den Akker et al., 1998, Menozzi et al., 1991, Menozzi et al., 1994, Prasad et 

al., 1993, Fish et al., 1987). An Arg-Gly-Asp (RGD) motif has been identified spanning 

amino acids (aa) 1097-1099 o f mature FHA. This motif has been implicated in 

facilitating binding o f B. pertussis to epithelial cells, macrophages, PMN and other cell 

types. Binding is thought to be achieved via the leukocyte integrin, complement receptor 

3 (CR3, C D llb/C D lB ) and the leukocyte response integrin/integrin associated protein 

(LRl/lAP, CD47/CD61) complex (Ishibashi et al., 2001, Ishibashi et al., 1994, Reiman et 

al., 1990, Saukkonen et al., 1991, Brown and Frazier, 2001).

However, the exact CR3 recognition domain in FHA is still under debate. In 

addition, studies suggest that this RGD site induces monocyte p3-p2 integrin signalling 

through a pathway involving phospho-inositol-3 kinase (P13-kinase) (Ishibashi et al., 

2002) and in doing so up-regulates its own binding to this cell type (Fig. 4). Enhanced 

bacterial binding to monocytes/macrophages and subsequent internalisation results in the 

release o f soluble toxins such as Ac-Hy and PT which render the normal killing 

mechanisms of the cell inactive. Internalisation may therefore provide an intracellular
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niche for survival resulting in bacterial persistence (Saukkonen et al., 1991, Friedman et 

al., 1992, Steed et al., 1991). It has been reported that B. pertussis can survive within 

murine alveolar macrophages for up to nineteen days post infection (Hellwig et al., 

1999). In addition to enhanced survival, it has been demonstrated that binding o f FHA to 

CR3 results in suppressed production of IL-12 by macrophages and DC (Me Guirk et al., 

2000a, Me Guirk et al., 2002). lL-12 is produced by macrophages, dendritic cells (DC), B 

cells and neutrophils and is a potent initial stimulus for driving a T cell response to the 

type 1 subtype (Thl cells), which is necessary for efficient bacterial clearance from the 

host. The suppressive effect o f FHA on lL-12 is though to be mediated by IL-10, an anti

inflammatory cytokine and in vitro studies demonstrate that FHA induces lL-10 with a 

concomitant reduction in lL-12 production by macrophages and DC (Me Guirk et al., 

1998, Me Guirk et al., 2002). This may in part explain the suppressed T cell responses in 

the lungs o f mice infected with B. pertussis (Me Guirk et al., 1998).

In addition, FHA may bind to human C4b-binding protein (C4BP), a high 

molecular weight plasma protein that acts as an inhibitor o f the classical pathway of 

complement activation (Berggard et al., 2001). Studies indicate that FHA may bind this 

inhibitor at a site similar to that used by the natural ligand C4b and this may allow B. 

pertussis to resist killing via the complement cascade. FHA also contains a carbohydrate 

recognition domain (CRD) that mediates attachment to ciliated respiratory epithelial cells 

and macrophages (Prasad et al., 1993). Effective colonisation o f the trachea is crucial 

during the initial stages o f infection if the bacterium is to withstand the clearance 

mechanisms employed by the mucociliary escalator (Ashworth et al., 1982, Cotter et al., 

1998, Geuijen et al., 1997). Finally, a binding domain with a lectin like activity for



heparin and other sulfated carbohydrates has been identified within amino acids (aa) 1- 

400 which mediates binding to sulfated sugars present in mucus and to non ciliated 

epithelial cells. This site is distinct from the CRD and RGD domain and facilitates FHA 

mediated agglutination of erythrocytes (Menozzi et al., 1991).

Based on current observations FHA may be described as a multi-faceted adhesion, 

permitting initial colonisation o f respiratory tract ciliated epithelia cells that may also 

provide a bacterial reservoir to infect the lungs. The release o f soluble toxins results in 

local tissue destruction, exposing underlying basement membrane and providing a second 

layer for attachment. In addition, invasion of alveolar macrophages via the up-regulation 

of host receptors may facilitate bacterial internalisation, survival and persistence in the 

host.

Efficient host colonisation is a strategy that B. pertussis utilises to ensure the 

propagation o f its future generations and an ability to modulate host immunity increases 

its chances o f survival. It has been demonstrated that FHA inhibits IL-12 production by 

DC and that these DC direct naive T cells into a regulatory subtype (T rl) at the mucosal 

surface during infection. Our laboratory has demonstrated that these Trl cells are capable 

o f suppressing Thl responses (McGuirk et al., 2002). Taken together, this data suggests 

that FHA may facilitate persistence in the host by suppressing the protective Thl 

response. In contrast, it has been suggested that FHA may initiate pro-apototic and pro- 

inflammatory responses in human monocyte-like cells and bronchial epithelial cells 

(Abramson et al., 2001).

Despite its potential ability to modulate host immunity, FHA is a component of 

Pa and active and passive immunization o f mice with FHA protect against lethal infection
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with virulent B. pertussis (Oda et al., 1984). Furthermore, clinical studies have isolated 

anti-FHA antibodies in convalescent patients following immunization with Pa or Pw 

vaccines (Sato & Sato, 1984, Keitel et al., 1999). However, studies in the aerosol 

challenge model have demonstrated that FHA is poorly protective (Mills et al., 1998b). In 

addition, the contribution o f FHA to protection in children has been poorly assessed 

because clinical trials have not directly compared vaccines with and without FHA.

Pa is frequently administered as a constituent o f multi-component vaccines and 

there is increasing evidence to suggest that pertussis vaccines may modulate the immune 

responses to unrelated antigens (Fischer et al., 1999, Eskola et al., 1996). Taken together 

these data suggest that FHA may not only be a multi-faceted adhesion molecule, but also 

a multi-faceted immunomodulator.

1.5.2 Fimbriae

Fimbriae are filamentous polymeric cell surface proteins. B. pertussis expresses two 

major fimbrial subunits, Fim2 and Fim3 (Livey et al., 1987, Mooi et al., 1987). A third 

subunit FimX has been isolated from certain Bordetella species that is expressed at low 

levels when present (Riboli et al., 1991) and recent studies have identified a fourth 

fimbrial locus fimN in B. bronchiseptica species (Kania et al., 2000). It has been 

suggested that fimbriae may act as adhesion factors, however, a definitive adhesion role 

has yet to be defined due to the difficulty in obtaining fimbrial mutants without affecting 

the expression o f other genes, such as FHA. Nonetheless, several studies have suggested 

that fimbria are important in the binding of Bordetella to both respiratory epithelium and 

monocytes during the acute phase o f infection (Mooi et al., 1992, Hazenbos et al., 1995a,

10



Hazenbos et al., 1995b). Fim' B. pertussis strains have reduced ability to colonise the 

nasopharynx and trachea o f mice (Mooi et al., 1992, Geuijen et al., 1997). Studies in rat 

and mouse models employing B. bronchiseptica fimbrial mutants have shown that 

fimbriae are necessary for tracheal colonisation (Mattoo et al., 2000). In addition, heparin 

binding domains have been identified in the fim2 subunit which are similar to those 

found in fibronectin, a eukaryotic extracellular matrix protein. Active and passive 

immunization experiments have shown that certain fimbrial subunits can protect mice 

against B. pertussis respiratory infection (Robinson et al., 1985, Zhang et al., 1985). 

Furthermore, serum antibody profiles in animals infected with Fim' bacteria differ both

quantitatively and qualitatively from those infected with wild type bacteria (Mattoo et al., 

2000). In addition, it has been suggested that fimbriae may be important in eliciting a 

response that protects against host superinfection (Mattoo et al., 2000). This data 

suggests that fimbriae may play an important protective role when present as purified 

components o f acellular pertussis vaccines. However, it has also been demonstrated that 

fimbria may bind to very late antigen 5 (VLA-5) on the surface o f monocytes. This in 

turn up-regulates CR3 expression and enhances B. pertussis binding via FHA (Hazenbos 

et al., 1995a) indicating that fimbriae may enhance the modulatory capacity o f FHA and 

indirectly affect its suppression o f the pro-inflammatory response.

1,5.3 Pertactin (PRN)

PRN is a 69 kDa surface associated protein that directs its own export to the outer 

membrane by means of a signal peptide (Charles et al., 1989). An RGD m otif has been 

identified, which is thought to play a role in attachment to mammalian cell surface



receptors (Emsley et al., 1994). Studies have shown that pertactin mediates binding of 

CHO cells to tissue culture wells, suggesting that PRN may potentially function as an 

adhesion factor in the host (Everest et al., 1996). However, a number o f investigators 

query this function since B. pertussis Prn defective/deleted mutants do not appear to 

differ in adhesion or invasion of Hep2 cells when compared to wild type bacteria. In 

addition, the absence o f PRN did not affect the ability to colonise the respiratory tract 

(Roberts et al., 1991). Although the role o f PRN in pathogenesis is still undefined, active 

and passive immunization experiment with mice have shown that it protects against 

respiratoiy and lethal challenge with B. pertussis (Charles et al., 1989, Novotny et al., 

1991, Mills et al., 1998b). Like FHA, PRN contains a RGD m otif that is thought to bind 

to CR3 receptors on a variety o f mammalian cell types resulting in bacterial 

internalisation and facilitating persistence. Furthermore, PRN has been shown to enhance 

the suppressive effect o f FHA on LPS induced lL-12 production (Me Guirk et al., 1998), 

indicating a potential ability to circumvent host immunity.

1.5.4 Pertussis Toxin (FT)

PT is the major virulence factor expressed by B. pertussis and is thought to be responsible 

for many o f the diseases typical symptoms (Pittman et al., 1984). PT is a two component 

AB bacterial exotoxin (Tamura et al., 1982) that is important in both the colonisation and 

toxemic stages o f infection. PT consists o f five non-covalently associated proteins (S l- 

S5). The A-subunit (SI) has been identified as an ADP ribosyl transferase, while the B 

component (S2-S5) binds specific carbohydrate residues on mammalian cell surfaces. PT 

binds to susceptible host cells via the B component, while the A-subunit is necessary for
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perforating the outer cell membrane resulting in direct entry o f  the molecule into the host 

cell. Once inside, the A-subunit gains enzymatic activity and transfers the ADP ribosyl 

moiety o f  NAD to a  membrane regulatory protein ( G j )  that is normally required for 

regulating the conversion o f  ATP to cAMP. Disruption o f  this vital cell cycle checkpoint 

results in elevated levels o f  cAM P and disruption o f  normal cell function. Various studies 

have shown that increased cAM P levels in phagocytes results in decreased activity 

including chemotaxis, engulfment, oxidative burst (NO) and bacteridical killing.

Systemic effects o f  PT include leukocytosis, increased insulin production by islet 

cells, an increased sensitivity to histamine (Burnette et al., 1992) and both suppressive 

and stimulatory immunological effects (M unoz et al., 1981, Pittman et al., 1984). The PT 

gene has been cloned and sequenced and the subunits expressed in E.coli. Chemically or 

genetically detoxified forms o f  PT (dPT) are available and are present in all 

commercially available acellular vaccines (M ills, 2001). Murine studies have 

demonstrated that immunization with dPT is protective against respiratory challenge 

(Munzo et al., 1981, Oda et al., 1983, Sato and Sato, 1990, M ills et al., 1998b). In 

addition, evidence from clinical trials suggests that patients who develop high serum 

antibody levels specific for PT are protected against the future developm ent o f  severe B. 

pertussis  infection (Storsaeter et al., 1998, Cherry et al., 1998). Although several studies 

have been carried out in vitro to determine the effects o f  PT, an exact role for PT and its 

involvement in human disease still remains to be defined.

Recent evidence suggests that PT may not be solely responsible for the 

paroxysmal coughing, whooping and vomiting characteristics o f  B. pertussis  infection 

(Mattoo et al., 2001) as previously described. Furthermore, PT may modulate host
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immune responses resulting in enhanced bacterial survival. It has been demonstrated that 

PT impairs the delivery o f  signals necessary for B cell survival in vitro (Lyons et al., 

1997, Petersen et al., 1993b). In addition, its ability to regulate intracellular calcium 

levels has been shown to inhibit macrophage, neutrophil and lymphocyte chemotaxis to 

the site o f  infection (M eade et al., 1985, Spangrude et al., 1985). Specifically, PT has 

been shown to inhibit production o f intracellular levels in CD4^ and CD8^ T cells 

induced by a range o f  CC-chemokines (Loetscher et al., 1994, Schorr et al., 1999, 

Niederiova et al., 1999). It has also been suggested that PT may modulate immune 

responses to other B. pertussis  antigens. In one study mice infected with a mutant 

defective for PT exhibited enhanced immune responses to FHA (M ielcarek et al., 1998). 

There is also evidence to suggest that PT may modulate responses to unrelated antigens 

and studies have shown that PT can enhance IgE, IgGl and Th2 responses to both tetanus 

toxoid and ovalbumin (Samore et al., 1996, Mu et al., 1993). Enhanced immune 

responses in the host at first may not appear beneficial to the bacterium. However, an 

ability to switch immunity in the host from the highly protective Thl response to a less 

protective Th2 response is a clever strategy to promote survival o f  the bacterium.

PT and FHA are the two major virulence factors o f  B. pertussis. Although PT is 

not an adhesin recent studies have demonstrated redundancy between FHA and PT during 

host colonisation. Both PT-deficient and FHA deficient m utants colonised the mouse 

respiratory tract nearly as efficiently as the isogenic parent strain, however, a mutant 

bacterium deficient for both factors exhibited significantly reduced ability to colonise the 

host. It was suggested that reduced colonisation was not due to redundant functions o f  PT 

and FHA as adhesins, but that ADP-ribosyltransferase activity o f  PT is required for
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redundancy with FHA. Since strains that produce active PT induce local transient release 

o f TNF-a, it was postulated that the pharmacological effects o f PT are the basis o f o f the 

redundancy with FHA, and may allow the bacterium to colonise even in the absence of 

FHA (Alonso et al., 2001).

1.5.5. Tracheal Cytotoxin (TCT)

TCT is a 921-dalton disacharide-tetrapeptide monomer o f peptidoglycan released during 

the logarithmic phase o f growth. The biological activities o f TCT have been studied 

extensively using hamster tracheal organ culture and hamster tracheal epithelial (HTE) 

cells (Cookson et al., 1989, Goldman et al., 1982). TCT is responsible for the respiratory 

epithelial cytopathology observed during disease. More specifically, it has been shown to 

cause mitochondria bloating, disruption o f tight junctions and extrusion o f ciliated cells, 

with little damage to non-ciliated cells in hamster tracheal ring cultures. It has also been 

implicated in loss of ciliated cells, cell blebbing and mitochondrial damage in nasal 

epithelial cells (Wilson et al., 1991). The local respiratory pathology is thought to be due 

to the induction o f interleukin-1 alpha (IL -la ) by non-ciliated epithelial cells which 

activates nitric oxide (NO) production (Heiss et al., 1994). The NO diffuses to the 

ciliated epithelial cells, which are susceptible to its destructive effects (Flak et al., 1996). 

It has been demonstrated that TCT may contribute to B. pertussis persistence in the host 

by inhibiting neutrophil chemotaxis and oxidative metabolism (Cundell et al., 1994) and 

may therefore have the capacity to modulate host protective immunity.

15



1.5.6. Dermonecrotic Toxin (Heat Labile Toxin)

Dermonecrotising toxins (DNT) are cytoplasmic single polypeptide chains approximately 

140 kDa in size. DNT was first identified in 1906 by Bordet and Gengou. Initially it was 

misidentified as endotoxin and was later shown to induce localised necrotic lesions in 

mice when injected intradermally and found to be lethal when administered by 

intradermal injection (Kania et al., 2000, Parton et al., 1985). The exact mechanism by 

which DNT mediates its pathogenesis remains to be defined. Studies have demonstrated 

that transposon mutants o f B. pertussis lacking DNT do not significantly differ from wild 

type bacteria in virulence when using mouse models of infection (Weiss et al., 1989). To 

date a protective role for DNT has not been established.

1.5.7. Adenylate Cyclase Toxin Haemolysin (Ac-Hy)

Ac-Hy is a 45-kDa protein that is secreted by all Bordetella species associated with 

mammalian pathology (Mattoo el al., 2001). It is a bifunctional, calmodulin-sensitive 

adenylate cyclase/hemolysin. The protein has two domains; the N-terminus, which 

contains the adenylate cyclase catalytic activity necessary for the production o f adenosine 

3’, 5’-monophosphate (cAMP) (Glaser et al., 1988, Hewlett et al., 1989) and the C- 

terminus, a hemolysin that facilitates delivery o f the catalytic domain into the host cell 

cytoplasm (Hewlett et al., 1989, Bellalou et al., 1990, Rogel et al., 1989). It has been 

suggested that the hemolysin component may elicit some o f the pathogenecity associated 

with the disease and mouse respiratory infection models with mutant bacteria deficient in 

hemolysin exhibit a reduced virulence compared to wild type (Weiss & Goodwin, 1989). 

Interestingly, recent findings suggest that FHA may play a role in Ac-Hy toxin retention
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on the surface o f  B. pertussis  and raise the possibility o f  FHA-mediated adherence in the 

delivery o f  Ac-Hy toxin from the bacterium to the target cell (Zaretzky et al., 2002).

Ac-Hy can penetrate a variety o f  mammalian cells, once entered it becomes 

activated by calmodulin (W olff et al., 1980) and catalyzes the production o f large 

amounts o f  cAM P from adenosine-tri-phosphate (ATP) (Confer et al., 1982, Confer et 

al., 1984, Hanski and Farfel, 1985). It is thought that Ac-Hy is primarily an anti

inflammatory and anti-phagocytic virulence factor. Ac-Hy defective bacteria are less 

virulent in infant mice (W eiss et al., 1989) and fewer inflammatory cells such as 

polymorphonuclear lymphocyes (PM N) are recruited to the lungs during respiratory 

infection when compared with wild type bacteria (K helef et al., 1994). Ac-Hy is thought 

to induce both humoral and cellular immunity in the host (Mattoo et al., 2001) and both 

active and passive immunization o f  mice with Ac-Hy prevents lethal infection with B. 

pertussis  (Brezin et al., 1987). In addition, a detectable anti-Ac-Hy serum 

immunoglobulin level in children post-vaccination with Pw may indicate a role for Ac- 

Hy in pertussis immunity (Arciniega et al., 1991 a, Arciniega et al., 1991 b).

Ac-Hy may also be viewed as a powerful imm unomodulator since elevated cAMP 

levels greatly alter cell signalling mechanisms, including the inhibition o f oxidative burst 

in monocytes and m acrophages (IMjamkepo et al., 2000, W illiams et al., 1994), thus 

facilitating an intracellular niche for bacterial survival. Furthermore, the increased 

intracellular cAM P levels may affect pro-inflamm atory responses via reduced T N F-a and 

superoxide anion release (Njamkepo et al., 2000). In addition, both pertussis toxin and 

adenylate cyclase toxin have been shown to activate human monocyte-derived DC and 

dominantly inhibit cytokine production through this cAM P-dependent pathway (Bagley
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et al., 2002). Finally, Ac-Hy may induce apoptosis, that results in the killing o f cells 

necessary for bacterial eradication (Williams, 1994).

1.5.8 Lipopolysaccharide (LPS)

B. pertussis, like all gram-negative bacterium has LPS or endotoxin as part o f its 

outermost membrane. However, the B. pertussis LPS is unusual in that it is heterogenous 

in nature comprising two major forms that differ in the phosphate content o f the lipid 

moeity. The alternative form to Lipid A is designated Lipid X and elicits the same host 

responses, for example induction o f IL-1, activation o f complement, fever and 

hypotension (Ayme et al., 1980). However, the distribution o f the activities differs 

between the two and Lipid X, but not Lipid A, is pyrogenic and the 0-chain o f Lipid X 

has been identified as a powerful adjuvant. The role o f Bordetella LPS in the 

pathogenesis o f the disease is not fully understood, however, it has been shown to be 

immunogenic and serum antibodies to LPS have been detected in mice post 

immunization with Pw (Ashworth et al., 1983, Li et al., 1988). In addition, it has been 

demonstrated that biosynthesis o f the full-length LPS molecule by Bordetellae is 

essential for the expression o f full virulence in mice (Harvill et al., 2000). Nonetheless, 

studies have suggested that LPS is not protective and much o f the reactogenicity 

associated with the Pw is thought to be due to the actions o f LPS (Baraff et al., 1989). 

For this reason, all new acellular vaccines are batch tested to ensure minimal LPS 

contamination. LPS induces both pro-inflammatory (IL-1 (3, TNF-a, IL-12, IL-18) and 

anti-inflammatory cytokines (IL-6, IL-10) in vivo and in vitro in murine macrophages 

infected with B. pertussis (Loscher et al., 2000, Mahon et al., 1996). IL-12 is a major Thl
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stimulus necessary for efficient bacterial clearance, however, cytokines such as IL -lp 

may play a part in inducing many of the systemic the neurological complications 

observed during vaccination with Pw (Loscher et al., 2000). B. pertussis LPS binds to 

Toll-like receptor 4 (TLR-4) and switches on a pro-inflammatory signalling pathway, 

involving the activation o f the nuclear transcription factor k B (NFkB), leading to the 

induction o f IL-12 production by DC (Higgins et al., 2003). In addition, LPS stimulated 

macrophages secrete pro-inflammatory cytokines, including TNF-a, through complex 

signaling mechanisms involving the activation of mitogen-activated kinases (MAPK) and 

NFkB. LPS stimulation o f RAW macrophages results in a transient activation o f c-Jun N- 

terminal kinase (JNK) and p38 and that subsequent LPS driven induction o f MAP kinase 

phosphatase-1 (MKP-1) can negatively regulate this macrophage inflammatory response. 

Interestingly, LPS induced MKP-I was found to be dependant on the production of 

extracellular signal-related kinase (ERK) and highlights an intricate feedback mechanism 

that the host utilises to regulate pro-inflammatory responses (Chen et al., 2002). In 

addition, LPS has been shown to induce the activation o f anti-inflammatory cytokines 

including IL-10 and IL-6. LPS is thought to regulate IL-10 production by affecting the 

expression of cytokine signaling molecules including STAT-3. It has been suggested that 

this anti-inflammatory and immunomodulatory cytokine is regulated at the level of 

transcription and investigators have identified that LPS induced STAT-3 upregulates IL- 

10 production by binding to critical motifs within the human IL-10 promotor (Benkhart et 

al., 2000). IL-10 has been shown to play an important role in reducing pro-inflammatory 

response and is capable o f down regulating LPS induced IL-12 production by activated 

DC and macrophages (Me Guirk et al., 2000). Taken together these findings suggest that
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LPS is capable of enhancing both pro- and anti-inflammatory cytokines. Recent studies 

suggest that secretion o f IL-10 or lL-12 by LPS-activated dendritic cells is critically 

dependent on the time o f the stimulus and may have implications on the differentiation of 

the DC subset and the subsequent activation o f Th cell subtypes (Jiang et al., 2002).

1.6 Models for assessing immunity to Bordetella pertussis

Clinical trials involving immunization o f naive children are the most reliable means of 

assessing protective efficacy o f vaccines, however, they have not helped greatly in 

defining the mechanisms of protective immunity (Storsaeter et al., 1990). Therefore, 

studies in animal models are frequently employed and allow manipulative experiments 

that may not be possible in humans.

Humans are the only natural host for B. pertussis, however, many experimental 

models have employed the use o f mice, rats, rabbits and non-human primates. Infection 

of experimental animals provides models o f infection rather than disease, due to 

differences in pathogenesis of the infection in animals and humans (Pittman et al., 1984). 

However, a rat model employing intrabronchial challenge with B. pertussis encased in 

agrose beads was shown to correlate with many aspects of the human disease (Hall et al., 

1999) and immunity conferred by Pw or Pa protected against both leukocytosis and 

paroxysmal coughing (Hall et al., 1998).

1.6.1 Murine models for studies of immunity to B. pertussis

Murine infection models are the most widely utilised and a variety o f protocols exist 

using different routes o f administration of the bacteria. The most extensively studied

20



models employ intracerebral (i.e.) and two different models o f respiratory infection, intra

nasal (i.n) and aerosol challenge.

Studies with i.e. administration have shown that protection correlates with 

efficacy o f Pw in human clinical trials (Kendrick, 1947, Medical Research Council, 

1956). However, the route o f administration and differences in the immune responses 

induced compared with natural host immunity question the relevance o f this model to B. 

pertussis infection in humans.

The most extensively utilised and relevant murine models employ respiratory challenge. 

In the aerosol challenge system, animals are subjected to an aerosol o f concentrated live 

bacteria for a given duration. Although this system fails to mimic the paroxysmal 

coughing observed in the natural host, it does reflect the natural course o f infection and 

many o f the systemic effects are observed including hypoglycaemia and leucocytosis 

(Sato et a i,  1984, Pittman et al., 1980). Immunocompetent mice recover post infection, 

however, infection can be lethal in both immunodeficient and infant mice (Mahon et al., 

1997a, Mahon et al., 1997b, Weiss et al., 1989). Our laboratory has shown the rate o f 

clearance o f bacteria from the lungs of mice vaccinated with Pa correlates with vaccine 

efficacy in children (Mills et al., 1998b). In addition, it has been shown that 

administering B. pertussis via a variation o f this protocol can discriminate vaccines 

shown to have different efficacy in clinical trials (Xing et al., 1999).

The intranasal instillation model requires that live bacteria are administered as a droplet 

onto the nasal cavity. It has been suggested that this route confers a more uniform and 

reproductive infection in the host (Petersen et al., 1995). It has been shown that this 

method can discriminate between 2 and 3 component Pa vaccines from the sam.e
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manufacturer identified as having different effacies in clinical trials (Guiso et al., 1999).

1.6.2 Pertussis and multi-component vaccines

The reduced incidence o f pertussis during the past decades in developed countries is 

primarily associated with the enforcement of childhood immunization programmes. 

Multi-component vaccines consist o f combinations o f existing vaccines available in a 

single vial that provide broader childhood vaccination coverage and reduce vaccination 

costs. The diphtheria, tetanus and whole-cell pertussis (DTPw) vaccine was the first 

combined vaccine developed and has been used for almost 50 years. In addition, several 

countries combine inactivated poliomyelitis virus vaccine (IPV) with DTPw and this has 

been utilised with considerable success for the past 30 years. However, the Pw 

component o f the DTPw vaccine is reactogenic and has been largely replaced by Pa, 

comprising highly purified putative protective antigens o f B. pertussis. The safety profile 

o f this tri-component vaccine is greatly improved, however, reduced anti-diphtheria 

antibody responses have been observed when Pa was substituted for Pw (Millet et al., 

1997). More recently protein-conjugated Hib vaccines, that confer protection against 

Haemophilus influenza type b oropharyngeal carriage, have been co-administered with 

DTPa or DTPa-lPV and are routinely used in a number of European countries. A decline 

in antibody responses towards Hib have been noted when combined with DTPa (Eskola 

et al., 1996, Nahmet et al., 1995).

There is a growing body o f evidence suggesting that multi-component vaccines 

may confer a lower level o f protection against disease when compared with single 

component vaccines. This reduced protective efficacy may result from a phenomenon

22



referred to as interference by vaccine developers, however, it most likely reflects 

immunomodulation by individual components o f the combination vaccine. It has been 

suggested that FHA present as a purified component in Pa may modulate or suppress 

immune responses to unrelated antigens present in these multi-component vaccines. It has 

been demonstrated that when mice infected with influenza virus are treated with FHA 

intranasally, the virus specific Thl response is suppressed in the local lymph nodes 

(McGuirk et al., 2000b). In addition, it has been reported that infection o f m.onocytes 

with B. pertussis suppressed antigen presentation to tetanus toxoid specific CD4^ T cells 

in vitro (Boschwitch et al., 1997). Currently marketed poliovirus vaccines confer 

protection by neutralising antibody induced by activated Thl cells (Mahon et al., 1995). 

I'herefore it is possible that FHA may suppress the protective responses o f the inactivated 

poliovirus vaccine. Taken together these observations suggest that FHA and possibly 

other components o f multi-component vaccines may reduce immune responses to 

unrelated antigens and subsequently affect vaccine efficacy.

1.7 Innate immune responses

Protective immunity against microbial pathogens in the host involves a combination of 

both innate and acquired immunity (McNeela and Mills, 2001). Innate or natural 

immunity is the non-specific arm o f the immune response that recognises a wide 

spectrum o f pathogens without a need for prior exposure. It is the first line o f defence 

comprising the physical barriers o f the respiratory epithelium and mucosa and innate cells 

such as monocytes/macrophages, neutrophils and natural killer (NK) cells. These cellular
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mediators are important in triggering a cytokine network resulting in the development of 

an inflammatory response.

Polymorphonuclear (PMN) cells and macrophages are phagocytic cells and their 

primary function is to identify and kill foreign bodies in the host. They bind to the 

invading organism, switching on a cascade o f events that results in bacterial 

internalisation, once internalised, bacteria fuse with host cell cytoplasmic granules 

resulting in bactcrial destruction. Most killing mechanisms involve reactive oxygen 

intermediates and the release o f anti-microbial enzymes that result in both bacterial and 

local tissue degradation (Bogdan et al., 2000, MacMicking et a l ,  1997, Kauffman, 1993). 

Certain cells of the innate immune system express receptors capable o f recognising 

conserved patterns expressed in microbial products. These pathogen recognition receptors 

(PRR), including the Toll-like receptors (TLRs), recognise conserved molecular 

structures on pathogens and initiate an immediate inflammatory immune response by 

switching on signalling pathways that result in the induction o f antimicrobial genes and 

inflammatory cytokines (Janeway et al., 2002). Ligation o f TLRs can trigger DC 

maturation characterised by up-regulated cell surface marker expression and enhanced 

antigen presenting capacity. In addition, activation o f specific DC subsets may direct the 

maturation and differentiation o f naive T cells that will in turn initiate the development o f 

an adaptive immune response (Akira et al., 2001). A number o f Toll-like receptors and 

microbial ligands have been identified. The interaction o f E. coli LPS with TLR-4 has 

received considerable attention (Poltorak et al., 1998). Innate cell recognition o f LPS 

requires the interplay o f a number of accessory molecules, including LPS-binding 

protein, CD 14 and the TLR4-MD2 complex (Akashi et al., 2000). Binding o f the receptor
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by LPS initiates a signaling cascade involving the activation o f IRAK kinase family 

members, TRAF-6 and NFkB (Zhang et a i ,  1999). TLR ligation by their respective 

bacterial ligands directs DC activation that in turn modulates the development o f Th cell 

subtypes. It has been demonstrated that binding o f TLRs by LPS (Poltorak et al., 1998), 

flagellin (Hayashi et al., 2001) and CpG motifs in bacterial DNA (Hemmi et al., 2000) 

promote the development o f lL-12 secreting DC that direct the differentiation o f ThI 

cells. In contrast, binding o f PRR by yeast hyphae (d’Ostiani et al., 2000), helminth 

(Whelan et al., 2000) or cholera toxin (Gagliardi et al., 2000) appears to direct the 

development o f DC important in activating Th2 type cells.

In addition to macrophage and DC, PMN have been shown to play an important 

role in innate immune responses and produce an array of cytokines and chemokines in 

response to infection, including TNF-a, IL -lp, TG F-pi, IL-8, M IP-la , and M lP-ip 

(Cassatella, 1995). The rate at which these cell types infiltrate into infected tissues differs 

depending on the stimulus and the site of infection. Neutrophil infiltration is normally 

rapid and transient, occurring in the acute phase o f infection, with cell numbers 

increasing within minutes. The interaction of neutrophils with these pro-inflammatory 

stimulants results in neutrophil degranulation and the release o f anti-bacterial components 

into the surrounding milieu.

Macrophage infiltration occurs later in the infection process and is important in 

bacterial clearance and regulation o f the immune response. Activated macrophages 

secrete a range cytokines that modulate protective immunity in the host (Levine and 

Chain, 1991). The release o f IL-12 by activated macrophages is an important factor in 

driving the Thl response (McGuirk et al., 1998). In addition, it has been shown that
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macrophages release the chemotactic factors, IL-8 and luekotriene B4, which may 

regulate the neutrophil inflammatory response (Samuelsson et al., 1987).

NK cells are capable o f killing host cells infected with viruses. They are derived 

from lymphocytic lineage, however, they lack some o f the surface markers necessary for 

specific recognition o f antigens. NK cells are activated in response to type 1 inteferons 

(IFN a/(3) or macrophage-derived cytokines and are important mediators o f innate 

immunity (Biron and Brossay, 2001). These cells express a functional IL-2 receptor and 

binding o f soluble lL-2 results in enhanced cytotoxic activity (Yu et al., 2000). NK cells 

engage and destroy infected cells via cytokine or via calcium dependant and calcium 

independent mechanisms. In calcium-dependant mechanisms, NK cells recognise the 

infected cell resulting in the release of peforin and granzymes. This in turn punctures 

holes in the infected cell membrane allowing the entry o f TN F-a and other cytotoxic 

products, resulting in cell membrane and DNA damage. Calcium-independent 

mechanisms, involving receptor-1 igand interactions, result in apoptosis o f the infected 

cell (Moretta et al., 1997, Shresta et al., 1995). NK cells produce high levels o f IFN-y 

following stimulation with IL-12 (Kaufmann, 1993). This early IFN-y production may be 

important in directing the differentiation of T cell precursors into the T helper typel 

subclass and may therefore play a role in initiating the adaptive immune response.

Several soluble factors have been identified as important mediators o f innate 

immunity and include type 1 inteferons, that are thought to play a role in protection 

against viruses (Durbin et al., 2000) and mucosal-associated surfactant proteins A and D 

that are thought to enhance phagocytosis (Gadjeva et al., 2001). In addition, circulation 

of natural antibodies are thought to play an important role in the neutralisation of
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invading bacteria (Ochsenbein et al., 1999) and may also activate the complement 

cascade (Carroll, 1998). The complement cascade, comprising an intricate network o f  

soluble proteins is an important mechanism employed during innate immunity and results 

in opsonisation o f  invading bacteria. C5a is a cleavage product o f  this cascade that is 

involved in the recruitment o f  neutrophils and m onocytes to the site o f Infection. In 

addition, it is involved in mast cell and phagocytic cell activation (Harvath, 1991, Erdei 

et al., 1997).

1.8 Adaptive immune response

Adaptive or acquired immune responses are able to distinguish foreign antigens from self 

and can also discriminate one foreign antigen from another. Cells o f  the acquired immune 

response have mechanisms for selecting only a precisely defined target and are capable o f 

developing ‘immune m em ory’ enabling them to recall previous encounter with an 

antigen. The cells responsible for this type o f  response are lymphocytes, o f  which there 

are two sub populations, B- and T-lymphocytes.

1.8.1. B lymphocytes (B cells)

B cells are involved in the generation o f  a humoral immune response, so called because 

they produce soluble proteins or antibodies that circulate in the ‘hum ours’ (blood). B 

cells are the primary generators o f  immunoglobulin (Ig) in the host and five types have 

been identified each with a distinct function. These isotypes include IgM, IgG, IgA, IgE, 

and IgD. Initial infection result in induction o f  IgM synthesis, followed by maturation 

and selective class switching to produce B cells that secrete the required isotype. Several
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studies have shown that CD40-CD40L interactions are important for switching between 

the different classes o f Ig (Kawabe et al., 1994, Castigli, et al., 1995, Davies and 

Bjorkman, 1988, Crabtree, 1989). Cytokines produced by Th cells also play a major role 

in class switching.

IgM has a characteristic pentameric structure and is largely confined to the blood. 

It comprises 5-10% of the body’s total Ig. It is a large, multivalent antibody, capable o f 

capturing and binding antigen to form large insoluble complexes that are readily cleared 

from the blood. It is generally the first antibody to appear after initial antigen exposure. 

Secretory IgM may play a role in protection against respiratory pathogens and its 

protective ability may become more pronounced in neonates and adults with IgA 

deficiency (Mellander et al., 1984, Brandtzaeg et al., 1987a, Brandtzaeg et al., 1987b, 

Brandtzaeg and Farstad, 1995).

IgG is the most common antibody, comprising about 80% of the body’s total Ig. It 

is equally distributed between the blood and interstitial fiuid. IgG antibodies represent a 

large vocabulary o f antigen recognition molecules. Four different subclasses o f IgG exist 

(IgG l, IgG2, lgG3, IgG4) in humans and three (IgG l, lgG2a, IgG2b, IgG3) in mice. In 

some human mucosal tissues the IgGl class o f immunoglobulin-producing cells 

predominate, while IgG4 is a major circulating antibody that enters tissues freely and 

participates in diverse immune events. IFN-y plays an important role in promoting 

switching to the murine IgG2a subclass.

IgG and IgM activate complement events and primarily eliminate infection via the 

neutralisation o f toxins or via opsonization o f bacteria. Several studies suggest that IgG is 

important in mediating protective responses during respiratory infection and IgG with
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enhanced activity have been detected during interstitial inflammation, suggesting that 

IgG may also be locally produced and secreted (Mac Pherson et al., 1996).

IgA is found circulating and secreted on all mucosal surfaces and is utilised as a 

primary defence against invading microorganisms. IgA has a dimeric structure and 

represents 10-15% of the body’s total Ig (Morton et al., 1996). Secretory IgA (sIgA) is 

found in large amounts in breast milk, saliva and gastrointestinal secretions (Kerr, 1990). 

IgA inhibits binding o f microbes to mucosal surfaces, thus preventing entry into these 

sites. Secretory IgA may be important in eliminating respiratory pathogens by blocking 

their attachment to respiratory epithelia or by neutralising toxins that would damage host 

mucosa (Vaerman et al., 1985, Brandtzaeg and Farstad, 1995, Lamm et al., 1995). IgA 

may also be an important antibody in sites other than mucosal tissues, such as the central 

nervous system. In addition monomeric IgA can activate complement and the respiratory 

burst in phagocytic cells (Kerr, 1990, van Egmond et al., 2000). Several studies have 

demonstrated that IgA production is vital for protective immunity in the mucosa (Apter et 

al., 1993, Czinn et al., 1993). However, studies utilising IgA knockout mice 

demonstrated that IgA was not an essential soluble factor in protective mucosal immune 

responses during respiratory infection (Parr et al., 1998, Mbawuike et al., 1999). In 

contrast, IgA has been shown to interact with Fcy receptors, and ligation of IgA with Fcy 

R1 (CD89) on human monocytes, macrophages and eosinophils is an important event in 

initiating protection against infection with B. pertussis (Maliszewski et al., 1990, 

Monteriro et al., 1996).

IgE has a primary function in protecting the host from invading parasites and in 

initiating allergic reactions (Bell, 1996, Oettgen and Geha, 2001). IgE is distributed
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throughout the body, however cells synthesising IgE are found predom inately in 

association with mucosal tissues. Antigen-specific IgE interacts with mast cells and 

eosinophils. However, IgE is also responsible for allergic or immediate hypersensitivity 

reactions, such as asthm a and anaphylaxis. IgE attaches to either a high affinity receptor 

on mast cells and basophils or a lower affinity receptor found on CD23 cells. Once 

attached, IgE acts as an antigen receptor. Antigen-antibody binding results in cell 

degranulation with the concomitant release o f  soluble mediators o f inflammation.

IgD is generally located as membrane associated Ig and has been shown to 

recognise immunocompetent B cells. A clearly defined role for IgD during pathogenesis 

has not been established, it has been suggested that it may function during foetal 

development o f  the immune system.

The mechanisms involved in B cell maturation and activation have been studied 

extensively. B cells mature in the bone marrow and may be subsequently activated 

directly on indirectly after their surface expressed Ig recognises specific epitopes on the 

foreign antigen. Direct activation results when antigen binds and crosslinks surface Ig, 

while indirect activation results from receptor mediated events, allowing interaction with 

specific Th cells. In the latter case, antigen binds via specific B cel! receptors, is 

internalised, processed to peptide fragments and exported to the surface o f  the B cell in 

association with the Class II major histocompatability complex (MHC II). Specific CD4^ 

T cells recognise the B cell MHC class II peptide complex via T cell receptors (Davies 

and Bjorkman, 1988, Crabtree, 1989). Binding results in the release o f  T cell cytokines 

that activate the B cell. The B cell will in turn secrete vast amounts o f  Ig and the isotype 

secreted is governed by the combination o f  cytokines secreted by the T cell (Finkelman et
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al., 1990). Studies in mice have demonstrated that T cell derived cytokines, such as IL-4, 

are instrumental in directing the secretion o f  IgE and IgG l. In addition lL-4, lL-6 and 

TGF-P promote isotype switching to IgA (Kunimoto et al., 1988, Coffman et al., 1989) 

whereas IL-10 and TGF-P may enhance Ig class switching to IgA (Coffm ann et al., 1989, 

Defrance et al., 1992). IL-4 and IL-5 have been implicated in increasing the number o f 

IgA secreting B cells post isotype switch and may enhance its secretion (Beagley et al., 

1988, Kunimoto et al., 1988, Harriman et al., 1988).

1.8.2 Humoral immunity and B. pertussis pathogenesis

Humoral immunity is an important strategy em ployed by the host to prevent bacterial 

spread and minimise local and systemic pathology. There is increasing evidence to 

suggest that antibody plays a significant role in protecting against B. pertussis  infection 

(Bruss et al., 1999a, Bruss and Siber, 1999b, Granstrom et al., 1991, Weiss et al., 1999 

Storsaeter et al., 1998, Taranger et al., 2000). However, high antibody titres m easured by 

ELISA technique are inadequate in defining potential protection in the host, since this 

assay does not detect functionally relevant antibodies and serum antibody titres may not 

accurately reflect the immune response o f  the lung mucosa. In addition, several studies 

analysing antibody titre in mice post immunization with detoxified PT, FHA PRN, FIM 

or ACT have observed host protection with low or undetectable antibody titres (Mills et 

al., 1998a, Ashworth et al., 1982). In contrast, passive and active immunization 

experiments in both humans and mice indicate that antibody is important and specific 

responses against PRN, PT, FHA, FIM and LPS are protective (M unoz et al., 1981, Sato 

and Sato, 1990, Oda et al., 1983, Kimura et al., 1990, Shahin et al., 1990a, Sato and Sato,
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1984, Guiso et al., 1991, Mountzouros et al., 1992). In addition, studies in mice have 

demonstrated that PT and PRN induce the highest level o f host protection, while FHA is 

the least effective (Mills et al., 1998b) and increasing the number o f pertussis 

components in the vaccine also appeared to enhanced protection in humans (Olin et 

al.,\991, Plotkin and Cadoz, 1997). Furthermore, a protracted course o f infection 

resulting in chronic infection was observed in naive Ig defective mice following 

respiratory challenge with B. pertussis (Mahon et al., 1997a).

Several clinical trials have reported high antibody responses to individual 

pertussis components in children following vaccination with Pa or Pw (Simondon et al., 

1997, Olin et al., 1997, Gustafsson et al., 1996, Miller et al., 1997). Household exposure 

studies were performed in which recipients that had been immunized with 3 or 5 

component vaccines exhibited high serum antibodies to PT, PRN and PT and were found 

to have a reduced tendency to develop severe pertussis (Storsaeter et al., 1998, Cherry, 

1998). It has been postulated that monocomponent PT vaccines may be efficient in 

conferring protection in the host and high protective anti-PT antibody titres in children 

following vaccination with this vaccine were observed (Taranger et al., 2000).

The specific mechanisms employed by antibody in conferring protection against 

B. pertussis infection are still not clear. It has been shown that anti-FIM antibodies block 

adherence of B. pertussis to Vero and HeLa cell lines (Gorringe et al., 1985, Friedman et 

al., 1992). In addition, antibodies specific for FHA, PT, PRN and LPS blocked binding of 

bacteria to human bronchial epithelial cells (Tuomanen et al., 1984, van den Berg et al., 

1999a). Furthermore, opsonizing antibodies have been detected in the serum of infected 

and Pw vaccinated individuals and may be important in the enhanced uptake o f bacteria
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by monocytes and PMN (Cheers and Gray, 1969, Lenz et al., 2000). It has also been 

demonstrated that anti-LPS antibodies are important in the activation o f the classical 

pathway o f complement and these antibodies have been detected in both human and 

murine sera following infection (Mountzouros et al., 1992, Weiss et al., 1999).

It has also been shown that the induction o f nasal IgA correlates with protection in 

immunized rabbits (Ashworth et al., 1982). IgA detected in the convalescent sera of 

patients blocked B. pertussis binding to human ciliated epithelial cells (Toumanen et al., 

1984). The rapid induction o f IgA during the acute phase of pertussis infection may be 

important in limiting infection and secretory IgA has been demonstrated in the lungs of 

infected mice before an appreciable serum IgG response could be detected (Mills and 

Readhead, 1993b).

1.8.3 T-Lymphocytes (T cells)

Cellular immune response are immune defence mechanisms employed by the host to 

eradicate invasion by intracellular micro-organisms. This distinct arm o f the immune 

response utilises a lymphocyte population consisting o f T-lymphocytes or T cells. These 

T cells can be further divided into two subsets depending on the type o f cell surface 

receptor that they express. The a /p  receptor is the most abundant receptor and is found 

on approximately 30-80% of circulating blood T cells, in contrast the y6 receptor 

expressing cells make up only 0.5-15% of the T cells in peripheral blood. The a /p  

population is further sub divided based on the expression o f the surface marker CD4 or 

CD8 and are referred to as T-helper (Th) and cytotoxic T cells (Tc) respectively. Both
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sub-populations differ in their mechanisms utilised for antigen recognition and the 

subsequent effector function (Kuwano and Arai, 1996).

The T cell receptor recognises processed antigens in association with MHC 

molecules. MHC class I molecules are present on virtually all cells in the body, while 

MHC class II are primarily associated with immune cells, however, they can be induced 

on capillary endothelial and epithelial cells. Exogenous soluble protein antigens are 

endocytosed by APCs, processed with peptides, which combine with MHC class II 

m olecules and returned to the surface for presentation to Th cells (Davis and Bjoricman, 

1988). In contrast, MHC class 1 molecules present peptides derived from internally 

processed antigen, such as viral protein, and present to Tc cells. Cell mediated cytoxicity 

is initiated after the engagem ent o f  TCR on CDS T cells with M HC class I peptide 

complexes, resulting in the induction o f  cell death signalling pathways. Binding o f  the 

Fas molecule on the target cell with Fas ligand on Tc is thought to be important in the 

initiation o f  these events (Kuwano and Arai, 1996). In addition, exocytosis o f toxic 

products, such as perforin can result in the osmotic lysis o f the target cell, and is an 

effective strategy in containing intracellular infections.

Th cells are powerful mediators o f  the immune response and contribute to host 

immunity by enhancing antibody responses and mediating cellular immune responses 

against intracellular pathogens. Activation o f  Th cells requires two signals, the first o f  

which occurs through interaction o f the TCR CDS and associated complexes, with the 

M HC-peptide complex present on the APC. The second or co-stim ulatory signal is 

mediated via binding o f  CD28 on the T cell to one o f  its ligands, B7.1 (CD80) or B7.2 

(CD86) (Linsley and Ledbetter, 1993, Jun et al., 1994). The co-ordinated binding o f both
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pairs of molecules results in the induction o f IL-2 by the naive T cell, which results in 

cell division and maturation o f the Th cell (Crabtree, 1989). CTLA-4 is another ligand for 

CD80 and CD86 and ligation results in a down-modulation o f T cell responses 

(Chambers and Allison, 1997). B7-H1 has recently been identified as another co

stimulatory molecule; however, this does not bind to CD28 or CTLA-4. Studies have 

demonstrated that B7-H1 binds to a CD28 homolog called inducible T cell co-stimulator 

(ICOS) that is only expressed on T cells after activation (Dong et al., 1999, Hutloffr et 

al., 1999) and shares 30-40% sequence homology with CD28 and CTLA-4. ICOS 

ligation can enhance T cell proliferation and direct future T cell effector functions 

(Wallin et al., 2001). It has been suggested that engagement of ICOS is important in the 

activation o f naive T cells, however, it may play a pivotal role in sustaining the local 

inflammatory response by enhancing ongoing immune responses (Liang et al., 2002). 

Initiation o f a pathway involving ligation o f B7-H1 results in the induction o f IL-10 and 

to a lesser extent lL-2 (Dong et al., 1999). Several studies have demonstrated that 

disrupting this signalling event results in T cell tolerance or anergy (Sperling and 

Bluestone, 1996).

1.9 T Cell differentiation

Appropriate responses against micro-organisms require selective forms o f specific 

immunity and subsets o f functionally polarised Th cells have been identified that are 

characterised primarily on cytokine production profiles. The Type 1 004"^ (Th 1) subtype 

has been shown to secrete IL-2, IFN-y, and TNF-p. The Type 2 CD4"^(Th 2) subtype has 

been found to produce IL-4, IL-5, IL-6, IL-10 and IL-13 (Mosmann & Coffman, 1989).
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The distinctive Thl and Th2 cytokine profiles in mouse and man are similar. In addition, 

production of IL-3, TNF-a, and GM-CSF has been reported for both Th subtypes 

(Mossman & Sad, 1996). A third population o f Th cells has been identified, ThO that 

secrete a mixed or Thl/Th2 cytokine profile (Firestein et a i ,  1989). However there is still 

some uncertainty as to whether these ThO cells represent a distinct Th subset or if they are 

Th cell that are still in the process of differentiation and will eventually become Thl or 

Th2 cells (Nakamura et a l ,  1997). CD8^ T cells may also differentiate into Tcl or Tc2 

cell subsets that produce cytokines similar to the Thl or Th2 type cells, but in addition to 

this they possess cytotoxic activities (Sad et al., 1995).

Thl cells are important mediators o f the delayed type hypersensitivity reaction 

and are involved in the activation of bacterial and parasite macrophage killing 

mechanisms. In addition, they can provide help for murine IgG2a antibodies that play an 

important role in protection against viral infections and in complement fixation (Mahon 

et al., 1997a). Activated Thl cells secrete TNF-a and significant amounts o f IFN-y, 

which are important in macrophage activation, upregulation o f MHC class II expression 

and the induction o f B cells that subsequently secrete antibodies with opsonising activity.

Th2 cells are considered to be the main helper T cell, since many o f their 

cytokines are involved in the induction o f humoral immunity; IL-4 and IL-6 enhance IgA 

and IgE responses. In addition, Th2 cytokines enhance IgGl and IgM production. Th2 

responses are also involved in the activation o f eosinophils against certain extracellular 

parasites (Scott et al., 1989, Coffman et al., 1988a, Coffman et al., 1988b).

Differentiation o f Th cells into the Thl or Th2 phenotype is dependant on a 

number o f factors including the antigen dose, route o f administration, APC subtype and
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regulatory cytokines (Mosmann and Sad, 1996, Ruedl et al., 2000). There is conflicting 

data suggesting engagement o f co-stimulatory molecules during differentiation of the 

naive T cell may also be a factor. In one such study, blocking antibodies against CD80 

and CD86 inhibited Thl and Th2 responses in vivo and in vitro, suggesting that CD80 

ligation may be important in driving a Thl response, while engagement o f CD86 may 

result in a polarised Th2 type response (Freeman et al., 1995, Kuchroo et al., 1995). 

Other studies question the importance in selective ligation o f costimulatory molecules 

and several studies have demonstrated no effect on T cell differentiation (Lenschow et 

al., 1995). In addition, lL-12, lL-23 and lL-27 are important in the differentiation o f Thl 

cells (Agnello et al., 2003), while IL-4 and lL-6 drive Th2 differentiation from naive T 

cell precursors (Kidd, 2003, Diehl et al., 2002, Rincon et al., 1997).

1,9.1 Regulatory T cells

There is increased evidence to suggest that a sub-population o f CD4^ T cells exist that 

have the capacity to suppress both Thl and Th2 cells. Several animal models o f auto

immunity and transplantation have shown that these T-regulatory (Tr) cells are capable of 

modulating pathology-induced immune responses in the host. The area o f immune 

tolerance has been studied extensively since the 1950’s, however many o f the 

mechanisms involved are still poorly understood.

T cells are educated in the thymus to recognise non-self antigens, however, in 

certain instances T cells will cross-react with self-antigens resulting in autoimmune 

diseases (Janeway et al., 1999). Developing T cells begin to express the TCR receptor 

that recognises foreign antigen associated with MHC molecules. A round of positive
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thymic selection results in the survival of T cells expressing a TCR that recognises self

antigen in association with MHC molecule. A second round o f negative selection 

eliminates any cells from this population that expresses a TCR with very high/low 

affinity to self-antigen. The naive population o f T cells, which will then leave the thymus, 

will still have some ability to recognise self-antigen. It is therefore necessary to ensure 

that mechanisms are in place to maintain peripheral tolerance and it has been suggested 

that Tr cells may provide this regulation.

The criteria that govern the development o f Tr cells rather than effector T cells are 

still not clear. However, recent studies suggest that these Tr cells may be selected based 

on high affinity reactions and may pass through a thymic selection procedure distinct 

from that outlined above (Hunig et al., 2001). Others believe that these T cell may be at a 

terminal stage o f differentiation. A detailed examination o f this subset has shown that 

they have increased expression of CD95, reduced bcl-2 and have an increased sensitivity 

to apoptosis (Taams et al., 2001). Certain investigators disagree with the hypothesis o f 

Hunig et al. (2001) and postulate that during an immune response some o f the activated T 

cells become immunoregulatory and serve to modulate the initiated responses (Stephens 

et al., 2001).

Many investigators believe that modulation o f surface receptor expression may 

play an important role in the mechanisms utilised by Tr cells during immune regulation. 

Several co-stimulatory molecules including CD28, CD80, CD86 (Lenschow et al., 1996), 

CTLA-4 (Karandikar, 1996) and ICOS (Schwartz et al., 2001) have been considered to 

play a role in Tr cell mediated modulation of the immune response. Tr cells may down 

regulate expression o f CD80 or CD86 resulting in a suppression o f the immune response.
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In one such study, bone marrow derived DC were mixed with CD4^ CD25^ T cells 

isolated from murine spleen and lymph nodes and analysis o f surface marker expression 

demonstrated significantly reduced CD80 and CD86 expression on the surface o f the DC 

(Bell e t a l ,  1999).

Ligation o f CTLA-4 is also thought to be important in the effector mechanisms 

employed by Tr cells (Read et al., 2000, Takahashi et al., 2000). Salomon et al (2000) 

found that CTLA-4 expression was high on the CD4^ CD25^sub population and blocking 

CTLA-4, with anti-CTLA-4 antibodies, resulted in loss o f regulation and the 

development of irritable bowel disease in mice transfected with the CD45RB low Tr 

cells. In addition, Tr cells isolated from CD28 deficient mice were potent suppressers of 

the immune response (Salomon et al., 2000). Taken together, this data suggests that 

CD28 co-stimulation may reduce suppression, while CTLA-4 ligation may enhance the 

suppressive effects in this cell type. These findings are consistent with recent the 

observation that an absence o f CD4^CD25^ Tr cells is associated with loss o f regulation 

and increased pathology in Helicobacter pylori infected mice (Raghavan et al., 2003).

Cytokines are considered to be involved in the effector mechanisms utilised by Tr 

cells in immune modulation. The involvement o f TGF-P is still unclear, however in an 

adoptive transfer model of irritable bowel disease, blocking antibodies to TGF-P 

abrogated disease suppression (Read et al., 2000). Trl cells produce IL-5 and IL-10 while 

Th3 cells secrete TGF-p, +/- IL-10 (McGuirk et al., 2002). IL-10 has been associated 

with Th2 cytokine responses, an anti-inflammatory cytokine capable o f down regulating 

Thl responses in the host. Adoptive transfer experiments with IL-10 knockout mice have 

shown that CD4^CD45Rb'°'^ T cells were unable to prevent disease (Stephens et al..
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2001). The precise role o f  Tr cells in m odulating host immunity still remains to be 

defined. However, it appears that this population may m aintain peripheral T cell tolerance 

via a multi-faceted approach to regulation.

1.9.2 Regulatory Cytokines

The cytokine milieu at the site o f T cell differentiation is an important factor in 

determining the type o f  T cell response that develop following infection or immunization. 

Certain cytokines have been shown to play a role in preferentially skewing responses 

towards the Thl or Th2 subtype. In addition, these cytokines may also inhibit the 

reciprocal response ensuring the balance is tipped in favour o f  driving one response over 

the other. Some o f  the more critical factors in driving T cell differentiation include IL-10, 

lL-12, IFN-y, lL-4, IL-6 and IL-18.

1.9.2.1 Interleukin-10 (IL-10)

IL-10 is a pleiotrophic cytokine that regulates a wide variety o f  hemopoietic cell 

functions. It was initially identified due to its ability to inhibit activation o f  Thl cells and 

suppress cytokine synthesis in both T cells and NK cells (Akdis et al., 2001). It was later 

shown that IL-10 indirectly affects T cell and NK cell cytokine production by affecting 

accessory cell functions. IL-10 can suppress M HC class II expression, N O  production 

and co-stimulatory molecule expression on macrophages and m onocytes (de Waal 

Malefyt et al., 1991, Fiorentino et al., 1991, Ding et al., 1992, Ding et al., 1993, 

Gazzinelli et al., 1992). In addition, IL-10 secretion was shown to inhibit IL-12 

production in monocytes/macrophages and these functions indirectly affect activation
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signals necessary for Thl cell development (Me Guirk et al., 2000, McGuirk et al., 

1998). More recent studies demonstrate that IL-10 plays a role in immune tolerance, DC 

development and growth and differentiation o f B cells (Akbari et al., 2001, Go et al., 

1990, Rousset et al., 1992). IL-10 is thought to signal through the Jak/ STAT pathway 

and receptor ligation results in Jakl and Tyk2 tyrosine kinase activation with the 

subsequent activation o f ST A T -la and STAT-3 complexes in T cells and monocytes 

(Finbloon et al., 1995, Akdis et al., 2000). STAT-3 has been implicated as a key mediator 

o f IL-10 responses and STAT-3 activation has been shown to inhibit macrophage 

proliferation in response to IL-10 stimulation (O ’Farrell et al., 1998).

Several lines o f evidence suggest that IL-10 production may be necessary to limit 

and ultimately terminate the inflammatory response and may be potentially utilised in the 

treatment o f autoimmune and inflammatory diseases. Recent studies have identified IL- 

22, an IL-10 related cytokine that is primarily associated with the induction o f acute 

phase reactants in the liver and pancreas (Lejeune et al., 2002). This cytokine signals 

through two receptors, an IL-22R and the IL-lORp receptor that is also involved in IL-10 

signalling. lL-22 signalling in a rat hepatoma cell line was shown to induce the activation 

o f JAKl and TYK2, but not JAK2. In addition, IL-22 signalling results in the 

phosphorylation o f STAT-1, STAT-3 and STAT-5 on tyrosine residues, similar to IL-10 

signalling. However, IL-22 was shown to activate all three major MAP kinase pathways 

(M EKl/2, ERKl/2, JNK, p38) and induce phosphorylation o f STAT-3 at ser’ ’̂ , an effect 

not shared with IL-10 signalling (Lejeune et al., 2002). Contrary to the proposed anti

inflammatory role o f IL-10, IL-22 appears to be associated with the induction o f pro- 

inflammatory responses in the host.

41



1.9.2.2 Interleukin-12 (IL-12)

lL-12 is an important cytokine in initiating T hl responses. IL-12 is primarily produced by 

APC including monocytes, macrophages and DC and can also be secreted by activated B 

cells and neutrophils. IL-12 is composed o f  two subunits, a 40-kDa subunit (p40) and a 

smaller 35-kD (p35) subunit. Both subunits are necessary to form the biologically active, 

p70 dimer. The exact role o f  the p40 monomer is unknown, however, it has been 

postulated that p40 dimers may antagonise biological active p70 formation. In contrast 

the p35 subunit is only secreted as part o f  the p70 heterodim er and thus IL-12 expression 

is regulated by the expression o f  the p35 subunit (Snijders et al., 1996). The biological 

activities o f IL-12 require ligation o f the high affinity IL-12 receptor (IL-12R), present on 

resting NK cells. However, IL-12R expression is up regulated on mitogen activated CD4"^ 

and CD8^ T cells and on IL-2 or IL-12 activated NK cells (Stern et al., 1996). Recent 

studies suggest that differential expression o f the IL-12R components (IL-12R(31, IL- 

12Rp2) may be important in regulating the IL-12 response in macrophages. Up 

regulation o f  the IL-12R p i chain by IFN -a and its down regulation in response to IL-18 

stimulation may represent a regulatory mechanism for m aintaining suitable levels o f 

differentiation and activation o f  macrophages (Fantuzzi et al., 2000).

IL-12 has been found to stimulate proliferation o f  activated T cells, enhances 

IFN-y secretion by T cells and enhances lytic activity o f  NK cells (Snijders et al., 1996). 

Most importantly this cytokine plays an important role in the developm ent o f  the Thl 

subtype o f  CD4^ T cells. IL-12 can be produced by activated B cells and neutrophils, 

however, the primary secreting cells are APC, including m onocytes, macrophages and 

DC. DC produce IL-12 in response to exogenous antigens such as LPS, however, IL-12
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production is also occurs in response to cross linking o f surface CD40. Several studies 

have suggested that certain intracellular pathogens, including Leishmania, measles virus 

and HIV, may be capable o f subverting host immunity by inhibiting the production o f IL- 

12. Ligation of phagocytic receptors (CDl lb/CD 18) and Fey receptors with monoclonal 

antibodies has also been shown to suppress 1L-I2 production. Endogenous inhibitors of 

IL-12 include IL-IO, TGF-|3 and PGE-2 (Sutterwala et al., 1999). It has been suggested 

that certain pathogens, including B. pertussis, may employ mechanisms that switch on the 

production o f these anti-inflammatory cytokines, which in turn dampens down the IL-12 

driven Thl response.

More recent studies have identified a novel IL-12 related cytokine, IL-23, 

composed o f a pi 9 subunit and the p40 subunit shared with IL-12. This cytokine has been 

found to exert biological activities on T cells that are both similar and distinct from those 

exerted by IL-12. Both IL-12 and IL-23 can induce STAT4 phosphorylation from 

activated DC, however, it appears that only IL-23 is capable o f directly acting on CD8a^ 

DC subtypes (Belladonna et al., 2002). In contrast to IL-12, IL-23 appears to participate 

in the proliferative signal in memory T cells, suggesting an additional level o f control on 

the adaptive immune response (Frucht, 2002).

1.9.2.3 Interleukin-18 (IL-18)

IL-18 is a 70-80 kDa molecule distinct from IL-12 and a potent inducer o f IFN-y, 

(Okamura et al., 1995). IL-12 and IL-18 synergise to enhance IFN-y production and 

neutralising antibodies against IL-18 do not suppress this response indicating that these 

two cytokines exert their function via independent pathways. It has been demonstrated
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that both AP-1 and Stat4 sites are required for IL-12 induced IFN-y production and IL-18 

can activate IFN-y production by directly interacting with the AP-1 site. IL-18 acts on 

NK cells independent o f  IL-12 and activates the peforin/grazym e system. In addition, IL- 

18 stimulates NK cells to induce expression o f  Fas ligand and augments cytotoxicity 

against Fas expressing cells (M icallef et al., 1997). Furthermore, IL-18 induces B cells to 

produce IFN-y that in turn inhibits IL-4 dependant IgE and IgG l production. IL-18 also 

induces CC and CXC chemokines involved in the inflammatory cascade resulting in TNF 

production, IL-I stimulation and lL-8 production.

1.9.2.4 Interleukin-6 (IL-6)

IL-6 is a pleiotrophic cytokine produced by an array o f  cell types in response to diverse 

stimulation. IL-6 is produced in T cells following antigen stimulation, in B cells in 

response to the SAC B cell mitogen and in m onocytes in response to LPS. IL-1, TNF and 

IFN-P enhance lL-6 production in fibroblasts and certain tum our cells. In addition, agents 

that enhance cAM P or PKC production also activate IL-6. IL-4 and lL-13 negatively 

regulate IL-6 production (Hirano, 1994). Studies have demonstrated that IL-6 is a 

regulatory cytokine involved in host defence m echanism s and can induce acute phase 

reactions (K opf et al., 1994). More specifically, it is involved in B cell activation and T 

cell differentiation. lL-6 is involved in the induction o f  secretory Ig mRNA, secretion o f  

IgA and subsequently plays an important role in the generation o f  mucosal immunity (Li 

et al., 2003). IL-6 synergises with IL-1 and TNF to induce IL-2 and enhances 1L-2R 

expression in T cells (Heijink et al., 2002). Increased expression o f  IL-6 is associated 

with a number o f  autoimmune diseases including rheum atoid arthritis and type 1
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diabetes. In addition, lL-6 promotes the development o f Th2 cells and inhibits the 

induction o f CD25 Tr cells (Pasare and Medzhitov, 2003).

1.9.2.5 Interleukin-4 (IL-4)

IL-4 is a glycoprotein primarily produced by activated Th2 cells, basophils and mast cells 

(Mossmann et al., 1896, Plaut et al., 1989). It is a modulatory cytokine affecting both B 

cell and T cell responses. lL-4 enhances surface MHC Class II expression, induces Ig 

isotype switching to IgGl and IgE and enhances expression o f CD28 expression on B 

cells (Snapper et al., 1988, Park et al., 1987, Howard et al., 1982). In addition, IL-4 can 

stimulate the growth of Th and Tc cells and promote Th2 cell growth (Hu-Li et al., 

1987). However, the addition o f IL-4 and TGF-P to naive T cells generates cells o f a Thl 

type phenotype, suggesting that lL-4 may have a pleiotrophic role in precursor T cell 

differentiation (Lingnau et al., 1998). Furthermore, lL-4 has been shown to drive Thl 

responses by inducing apoptotic death o f lymphoid dendritic cells (DC2) and maturing 

myeloid dendritic cells (D Cl). This suggests that local exogenous expression of lL-4 may 

mediate modulation at the level of the APC (Romani et al., 1996, Rosenzwaijg et al., 

1996).

Recombinant cytokines have been assessed as potential vaccine adjuvants due to 

their ability to selectively induce Thl or Th2 cells, affect Ig secretion and Tc cells at 

mucosal surfaces (Brewer and Alexander, 1997). A number o f pro-inflammatory 

cytokines have been studied and lL-12 has been identified as an important mucosal 

adjuvant capable o f enhancing antigen specific Ig responses in the host (Boyaka et al., 

1999, Arulanandam et al., 1999). In addition, intranasal co-administration o f IL -la  and
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IL -ip  with OVA or tetanus toxoid antigens augments antigen specific Ig secretion and T 

cell responses in the host (Staats and Ennis, 1999). The ability o f  anti-inflammatory 

cytokines to down modulate pro-inflammatory responses in the host has also been 

assessed as a potential therapeutic. In one study, nasal co-adm inistration o f  IL-10 with 

autoantigens in a rat model resulted in a diminished experimental allergic 

encephalomyelitis (Xu et al., 2000).

1.9.3 Signalling and T cell differentiation

Over the last five years progress has been made in determining the signalling processes 

that govern the selective development o f  T cell subsets from naive precursors. 

Examination o f  these pathways reveals an intricate network o f  cell-surface receptors, 

intracellular signalling molecules and transcription factors that are preferentially 

activated to induce a polarised T cell subset. Engagement o f  the TCR receptor induces 

three major signalling pathways that include protein kinase C (PKC) activity, 

calcium /calcineurin signalling and mitogen activated protein kinase (M APK) signalling. 

Stimulation o f PKC activity is thought to be involved in the induction o f  a Th2 response, 

while high levels o f  MAPK activity has been associated with Thl cell development 

(Noble et al., 2000, Nobel et al., 2001).

The induction o f  specific transcription factors is an important event in mediating the 

cytokine-induced cellular signal to the nucleus. Signal transducers and activators o f 

transcription (STATs) are a family o f  cytoplasmic signalling proteins that are important 

in mediating cellular responses to diverse cytokines and growth factors (Turkson et al., 

2001). Binding o f  a cytokine to its receptor results in the activation o f  JAK protein
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tyrosine kinases and the subsequent tyrosine phosphorylation o f the receptor. STATs 

exist as latent cytoplasmic transcription factors that are recruited to the cytoplasmic 

portion o f the receptor in response to ligand binding and activation (Darnell, 1997, 

Leonard and O ’ Shea, 1998, Heinrich et al., 1998) and are subsequently tyrosine- 

phosphorylated. Once phosphorylated two STAT monomers will dimerise through 

recriprocal phosphotyrosine-SH2 interactions. These activated dimers will then 

translocate into the nucleus and bind to STAT specific DNA response elements o f target 

genes and induce subsequent gene expression (Turkson et al., 2001). In addition, serine 

kinases are critical for STAT activation and can regulate STAT DNA binding or 

transcriptional activity (Boulton et al., 1995) (Fig. 5)

Seven STAT family members have been identified in mammals and include 

STAT-1, STAT-2, STAT-3, STAT-4, STAT-5a, STAT-5b and STAT-6. The specific 

STAT that is activated determines the biological outcome and can include processes that 

affect cell differentiation, proliferation, apoptosis, development and inflammation 

(Smithgall et al., 2000, Akira, 2000, Hirano et al., 2000). lL-12 signalling results in the 

activation o f STAT-4 which switches on IFN-y production necessary for the development 

o f a Thl type response (Murphy et al., 2000). However, signalling through the IL-12 

receptor, may not be the only mechanism necessary for the generation o f a Thl response 

since this pathway can also activate STAT-1 and STAT-3. In addition, it has been 

suggested that STAT-4 may not directly affect IFN-y production but induce or repress 

other factors that in turn affect its production. In contrast, IL-4 has been shown to induce 

STAT-6 activation and a direct role for the involvement o f STAT-6 in Th2 signalling was 

confirmed through targeting the STAT-6 locus in murine T cells (Kaplan et al., 1996,
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Fig. 5 Cytokine signalling in the host is mediated by the activation o f  STATs.

Ligation o f  cytoicine receptors by cytokines such as IL-10 or IL-6 results in the activation 

o f  receptor associated JNK and TYK2. Once activated STAT3 monomers are recruited to 

the cytoplasmic face o f  the receptor and are phosphorylated at specific tyrosine residues. 

Phosphorylated STAT monomers dimerise and are further phosphorylated by mTOR 

(interm ediate o f  a growth triggering system) or MARK, these active complexes then 

migrate into the nucleus where they bind to DNA responsive elements and alter DNA 

transcription.



Takeda et al., 1996, Shimoda et al., 1996). STAT proteins have been investigated as 

potential therapeutics, since they can affect the development o f the T cell response.

Anti-inflammatory cytokines, such as IL-10, are known to modulate hyper- 

inflammatory diseases in the host. lL-10 can activate STAT-1 and STAT-3 in 

macrophages (O’ Farrell, 1998) and that STAT-3 activation is important in an anti

proliferative response. In addition, a splice variant o f STAT-3 designated STAT-3(3 has 

been identified and is though to function as a negative regulator o f transcription and it 

plays an important role in the control of systemic inflammation (Yoo et al., 2002).

A number of cellular proteins can negatively regulate cytokine signalling. One 

family o f proteins designated cytokine-inducible SH2 proteins (CIS) can negatively 

regulate both JAK and STAT signalling (Yasukawa et al., 2000). CIS3 or suppresser of 

cytokine signalling-3 (SOCS-3) has been shown to negatively regulate IFN-y signalling 

(Marine et al., 1999). Several reports have indicated that CIS3 is induced by various 

inflammatory and anti-inflammatory cytokines such as IL-2, lL-6, IFN-y and IL-10 and it 

negatively regulates cytokine function mediated by the activated STAT cascade 

(Yasukawa et al., 2000) (Fig. 6).

1.9.4 Cell mediated immunity during Bordetellapertussis pathogenesis

A growing body o f evidence suggests that cell mediated immunity is an important 

mechanism employed by the host to limit B. pertussis pathogenesis. T cells are important 

in facilitating bacterial clearance in the host and studies have demonstrated a protracted 

course o f infection in athymic mice compared to the wild type control (Mills and 

Redhead, 1993). In addition, athymic and TCRaP knockout mice immunized intra-
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Fig. 6 Binding o f cytokine receptors by their respective cytokine results in the 

activation o f specific STA T and SO CS signalling cascades.

IL-2 binds tiie IL-2 receptor and initiates signalling via JNK assisted STAT-5 

phosphorylation and dimerization. Active STAT-5 com plexes migrate to the nucleus 

where they bind DNA responsive elements and alter gene transcription. Up-regulation o f  

SOCS-3 transcription in response to IL-2 stimulation has been observed. SOCS-3 

functions in a negative feedback mechanism and prevents further phosphorylation o f  

STAT monomers by inhibiting JAK activity. In addition, activation o f  SOCS-3 is thought 

to play a role in the activation o f  ERK, which is thought to modulate pro-inflamm atory 

responses. Induction o f  SOCS proteins may therefore provide a m echanism  to regulate 

cytokine signalling in response to a stimulus. Adapted from Bussell, 2002.



nasally with heat inactivated B. pertussis failed to clear infection as rapidly as the 

immunized wild type control mice (Leef et al., 2000). Furthermore, i.n. immunization 

with inactivated B. pertussis failed to elicit a protective response in CD4 knockout mice 

(Leef et al., 2000). Adoptive transfer experiments involving transfer o f immune CD4^ or 

CD8^ cells indicate that the CD4^ T cell subset is important in conferring protection, 

since transfer o f the CD8^ population was not protective (Mills and Redhead, 1993). 

CD4^ T cells provide help for the humoral immune response. However, studies involving 

adoptive transfer o f CD4^ immune cells into Ig-'' ’̂ mice immunized with inactivated 

bacteria demonstrated protection in the absence o f immunoglobulin production, implying 

a role for €04"^ cells in direct cell mediated immunity against B. pertussis (Leef et al., 

2000 ).

Thl cells mediate their anti-bacterial activity primarily through IFN-y production. 

It has been demonstrated that IFN-y receptor knockout mice infected with B. pertussis 

developed an aytipical, disseminating disease with a significantly higher mortality rate 

compared with the wild type mice (Mahon et al., 1997a). Infection or immunization of 

mice with Pw or purified B. pertussis antigens results in proliferative T cells responses 

against FHA, FIM, PRN and PT (Mills et al., 1990, Peterson et al., 1993a, Peterson et al., 

1993b, Fish et al., 1984, Kim et al., 1990, Gearing et al., 1987). Analysis o f cytokine 

production by T cells has revealed strong Thl responses in mice following respiratory 

infection or immunization with Pw (Peterson et al., 1992, Redhead et al., 1993). In 

contrast, Th2 responses, with T cells secreting IL-4, IL-5 and low levels o f IFN-y, were 

observed in mice immunized with Pa. In certain instances a mixed Thl/Th2 response has 

been demonstrated in mice immunized with Pa and subsequently challenged with whole
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bacteria. This was particularly evident when responses were assessed several months 

after immunization and may indicate a broadening o f the response over time (Mahon et 

al., 2000). Furthermore, respiratory infection or vaccination with Pw or Pa in humans 

induced T cells specific for several B. pertussis antigens, including FHA, PRN and PT 

(Hafler e/ al., 1998, Ryan et al., 1997a).

1.10 Cells o f the pulmonary immune system

The mucosal surface o f the respiratory tract is under continuous contact with the external 

environment and is therefore equipped with a range o f immune and non-immune 

mechanisms necessary to limit bacterial invasion and persistence. In addition, the lung 

appears to have developed novel pathways o f immune control in order to process foreign 

antigens without affecting its primary biological function (Crapo et al., 2000). The first 

line of pulmonary defence is a physical non-specific process during which particulate 

matter is trapped by the thin mucous/serous coating o f the nasopharynx, it is then cleared 

by mucociliary action and eventually swallowed and degraded. Infectious agents or 

antigens that evade this strategy and reach the underlying upper and lower respiratory 

epithelium must be controlled by immune mechanisms. A number o f cell types have been 

identified, which form an inflammatory infiltrate at the site o f infection and play an 

important role in reducing both systemic and local pathology in the lung.

1.10.1 Alveolar m acrophages

It has been suggested that the primary function o f alveolar macrophages is to process and 

clear antigen without signalling for an inflammatory response, thereby limiting lung
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pathology. Alveolar macrophages are hyporesponsive to antigen stimulation and are 

defective in activating naive T cells (Lyons et al., 1986). This poor response may result 

from decreased CD2 expression on the surface o f the interacting T cell, in concert with an 

inability o f the T cell to transduce lL-12 signals. However, these macrophages are still 

capable o f inducing protective immunity in the host and rapid macrophage activation is 

observed during the acute phase o f infection with many respiratory pathogens. Aerosol 

infection o f naive mice with B. pertussis is accompanied by an acute macrophage 

infiltrate in the lung with numbers peaking at day 5-post challenge and levels remain 

elevated for up to 4 weeks (McGuirk et al., 1998). A study conducted with wild type and 

mutant B. pertussis devoid o f adhesins and toxins administered via the i.n. route, 

demonstrated a rapid influx o f macrophages in mice infected with the mutant, with a peak 

infiltrate at day 7, but a reduced infiltration in mice infected with the wild type, with a 

peaked infiltrate observed at day 14 (Khelef et al., 1994, Gueirard et al., 1998).

1.10.2 Lymphocytes

Lymphocyes play an important role in the lung, by limiting local pathology and 

generating immunological memory against subsequent antigen exposure. The bronchus- 

associated lymphoid tissue (BALT) develops in the host in response to antigen exposure 

(Bienenstock, 1984) and is a site rich in IgA secreting B cells (Rudzik et al., 1975). A 

significant T cell reservoir is observed in the pulmonary interstitium and these T cells 

differ from those located in the blood in terms o f cytokine production (Hoh et al., 1993). 

A significantly lower number o f immune cells are found in the bronchoalveolar lavage 

fluid (BAL), 70% o f which are T cells, with 10% B cell and NK cells. The majority of
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these T cells express a characteristic memory cell phenotype (CD3^, CD45RO^) (Saltini 

et al., 1990). Lung T cells may differ from those observed in circulation and are distinct 

in lL-2 and IFN-y profiles, are relatively hyporesponsive and exhibit a lower rate of 

proliferation in response to mitogen stimulation, compared with circulating blood T cells 

(Holt et al., 1988). However, it has been shown that these cells become more active in 

response to simulation with antigen (Sim et al., 1999). Furthermore, a significant y5 T 

cell population is observed in the respiratory mucosa and these cells are present in 

concentrations much higher that most other tissues (Augustin et al., 1989). It has been 

suggested that y6 T cells may provide a rapid defence prior to the recruitment o f the a(3 T 

cell population. It has also been suggested that yS T cells, may limit disease-associated 

pathology by reducing the inflammatory response during acute infection in the lung 

(Ladel et al., 1996, Fujihashi et al., 1996).

There is still uncertainty regarding the mechanisms by which T cells are recruited 

into the lung, however, it has been suggested that there are specific T cell lung receptors 

that allow homing o f circulating T cells in response to foreign antigen (Wolber et al., 

1997). B cells are less common in the lung and relatively few B cells are found in the 

BAL fluid o f humans and laboratory animals, however a significant B cell population is 

located in the lung interstitium (Lipscomb et al., 1995). In addition, antibody production 

in the mucosa and associated lymphoid tissue is important in bacterial clearance and in 

the pathogenesis o f airway hyperresponsiveness (Lipscomb et al., 1995).

Infection o f naive mice with B. pertussis results in a lymphocyte infiltrate that is 

primarily composed of a p  TCR^CD4^ T cells and to a lesser extent the a[3 TCR^CDS^ T
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cell population. This influx o f lymphocytes is acute and follows a similar pattern to that 

observed with macrophages (McGuirk et al., 1998, Khelef et al., 1994)

1.10.3 Dendritic cells (DC)

Airway DC play an important role in capturing antigen and allergen in the mucosa and 

present it to naive T cells after migration into the draining lymph nodes (Lambrecht et al., 

2001). It is unclear as to whether the lung DC population differs phenotypically or 

functionally from systemic DC. Several pulmonary cell types are capable o f presenting 

antigen and include B cells, interstitial macrophages, epithelial cells, fibroblasts, 

fibrocytes and endothelial cells, however DC appear to be the primary APC in the lung. 

DC recruitment in the lung may be important in limiting B. pertussis infection since i.n. 

challenge o f rats with this bacterium resulted in a rapid infiltration o f DC within 1 day of 

challenge.

1.10.4 Neutrophils

Traditional immune cells and pulmonary parenchymal cells release mediators that recruit 

phagocytic cells to the site o f infection when quiescent processing cannot reduce the 

antigenic load in the lung. During challenge a significant neutrophil infiltration is 

observed which is primarily associated with the walls o f the lung microvasculature. 

During the resolution o f an immune response, neutrophils are rapidly cleared from the 

lung, however, trafficking o f large numbers o f neutrophils in response to 

chemoattractants and activation of cellular adhesion molecules occurs following 

infection. Neutrophils have been described as the secondary phagocytic defence when
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alveolar macrophages fail to confer protection and are essential for host defence against 

bacteria (Sherman et a l ,  1992).

l.n. or aerosol challenge o f naive mice with B. pertussis generates an acute and 

transient neutrophil influx, that increases between days 5-7 and peaks at day 14 post 

infection (McGuirk et al., 1998, Khelef et al., 1994). Toxin and adhesion production 

appears to be important in recruitment o f neutrophils since mice infected with a mutant 

devoid of these factors did not experience a neutrophil infiltrate (Khelef et al., 1994).

1.11 Chemokines

Chemokines are a superfamily o f small (8-lOkDa), inducible, secreted pro-inflammatory 

cytokines that direct leukocyte migration. They are involved in a range o f immune and 

inflammatory responses, acting primarily as chemoattractants and activators o f specific 

leukocyte subsets. Three classes o f chemokines exist, categorised on the arrangement of 

conserved cysteines (C) in the mature protein. CXC chemokines have one amino acid 

residue separating the first two conserved C residues; CC chemokines have their first two 

C adjacent to each other whilst C chemokines lack two (first and third) C o f the four 

conserved C residues.

CXC chemokines are further subdivided into two groups, one group expressing a 

glutamic acid-leucine-arginine (ELR) motif immediately preceding the first cysteine 

residue and include chemokines such as IL-8 and mouse MIP-2. These chemokines act 

primarily on neutrophils as chemoattractants and activators, induce neutrophil 

degranulation with the concomitant release of myeloperoxidase and other enzymes. The 

other subset o f CXC chemokines, do not express the ELR m otif and include factors such 

as lP-10 (mouse), and CRG. CXC chemokines, CC chemokines (e.g. M IP -la , M IP-ip,
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RANTES, MCP-1/2/3/4 (mouse)) and C chemokines (e.g. lymphotactin) are primarily 

chemoattract and activate monocytes, dendritic cells, T cells, NK cells, B cells, basophils 

and eosinophils. In addition to a role in leukocyte chemotaxis, chemokines have been 

reported to act on hematopoietic progenitor cells and non-leukocyte cells such as 

fibroblasts, muscle cells and melanoma cells and have been implicated in contributing to 

wound healing and angiogenesis.

Chemokines mediate their biological activity by binding G protein coupled 

transmembrane chemokine receptors. It has been demonstrated that one chemokine is 

capable o f binding multiple chemokine receptor types and one receptor may also be 

bound by more that one type o f chemokine (Fig. 7A). Receptors binding CXC 

chemokines are designated CXCRs and receptors binding CC chemokines are designated 

CCRs. Binding o f CXCR-1 and CXCR-2 by lL-8 results in rapid elevation o f cytosolic 

Ca.^ .̂ Due to the promiscuity o f chemokine-receptor binding, differences in biological 

activity result from varying avidity and affinity for the individual receptor. CCR-1 

expressed on monocytes, neutrophil or eosinophils binds a wide range o f CC chemokines, 

M lP -la , RANTES and MCP-3 bind with high affinity, whereas M IP-ip and MCP-1 bind 

with lower affinity (Neote et al., 1993). In addition, CCR-4 has been found to mediate the 

biological activities of RANTES, M lP -la  and MCP-1. CCR-5 is the most recently 

identified CC receptor and is expressed primarily on adherent monocytes but not on 

neutrophils or eosinophils. Differences in receptor-Hgand affinities and differential 

expression o f chemokine receptors ensure that chemokines play a finely tuned role in 

orchestrating the movement o f immune cells during pathogenesis (Fig. 7B). However, 

dysregulation o f chemokine function/production can have deleterious effects and
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Fig. 7 Chemokines and their receptors

A number o f  chemokine receptors have been identified that are capable o f  binding to a 

wide range o f  chem okines (A). Differential expression o f  chemokine receptors on cells o f  

the immune system (B) ensures the rapid recruitment o f  cells necessary to resolve 

infection during pathogenesis and provides a level o f  control on the system.
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chemokines have been implicated in a wide range o f  inflammatory. Several studies have 

demonstrated that altered chemokine production results in inflammatory tissue 

destruction in a wide variety o f  human diseases, including rheumatoid arthritis, 

myocardial infarction and adult respiratory distress syndrome.

1.12 Project Aims

• To examine the in vivo modulatory effect o f  FHA on cell mediated and humoral 

immune responses following challenge o f  BALB/c mice with wild type B. 

pertussis and a mutant devoid o f  FHA.

• To examine the possible role o f  FHA in m odulating immune responses to third 

party vaccine antigens.

• To investigate if  lung and splenic iDC modulated by microbial compounds, 

including FHA, could influence the polarisation o f  T cell responses in vitro.

• To examine the role o f  IL-10 in the pathogenesis o f  B. pertussis  infection.

• To elucidate the signalling pathways activated in m acrophages and DC following 

stimulation with FHA.
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C h a p t e r  2 

M a t e r ia l s  a n d  M e t h o d s



2.1 Preparation of Media and Buffers

2.1.1 Bordet-Gengou Medium

250 ml ddHaO (distilled/deionised water)

2.5 ml Glycerol

7.5 g Bordet Gengou A gar (Difco)

The m edium  was then autoclaved (121°C for 20 m in), allow ed to cool and 

supplem ented with 1 ml o f  cephalexin (Sigm a, 10 m g/m l) and 50 ml o f  pre- 

w arm ed sterile defribrinated horse blood (E + 0  Laboratories, Bonnybridge, 

Scotland). The m edium  was then poured into 9 cm petri dishes (20 ml aliquots) and 

stored at 4°C for up to 5 weeks.

Cephalexin

0.1 g Cephalexin dissolved in 10 ml o f  ddH20 and then filter sterilized.

1% Casein

2.5 g Sodium  Chloride (NaCl)

0.2 g Casam ino acids

Dissolved in 1 L ddH20 pH 7.2 and autoclaved 115°C for 20 min.

2.1.2 Phosphate-Buffered Saline (PBS)

80 g Sodium  Chloride (NaCl)

1.525 g Sodium  hydrogen phosphate (Na2H P 0 4 )

2 g Potassium dihydrogen phosphate (KH2PO4)

1 g Potassium  Chloride (KCl)
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Dissolved in 1 L o f ddH20 and pH adjusted to 7.0 with HCL

2.1.3 Tris-Buffered Saline (TBS)

2.42 g Trizma base

8.76 g Sodium Chloride (NaCl)

Dissolved in 1 L o f ddH20 and pH adjusted to 7.3 with HCL

2.1.4 Stainer and Scholte Medium  

Basal Medium

0 g L-Glutamic acid (monosodium salt)

0.24 g L-Proline 

2.6 g NaCl 

0.5 g KH2 PO4 

0.3 g KCl

0.4 g Magnesium Chloride (MgCl2.6H20)

0.5 g Calcium Chloride (CaCl2.2H20)

1.526 g Tris (hydroxymethyl) methylamine

Dissolved in 1 L ddH20 and pH adjusted to 7.2 with HCL. The medium was then 

autoclaved at 121°C for 20 min, allowed to cool and 1 ml o f supplement added per 

100 ml o f basal medium before use.

Supplement

0.4 g L-Cysteine (dissolved first in 1 ml o f concentrated HCl)

0.5 g Ferrous Sulphate (FeS0 4 .7 H2 0 )
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0.6 g Ascorbic acid 

0.7 g Nicotinic acid 

1.0 g Glutathione

Dissolved in 100 ml o f ddH20 and filter sterilized and stored at 4°C for up to 5 

weeks.

2.1.5 Ammonium chloride lysis buffer

0.2g tris-HCL

0.77g ammonium chloride (NH4CI)

dissolved in 100ml o f ddH2 0  and pH adjusted to 7.2 with HCL

2.1.6 Cell Culture Medium

Roswell Park Memorial Institute (RPMI)-1640 medium (Gibco BRC, Life 

Technologies, Paisley, Scotland), was used to culture all cell lines, and primary 

cells isolated from murine lungs, spleens and lymph nodes. Complete RPMI was 

supplemented with 8 % heat inactivated (56°C for 30 min) foetal calf serum (FCS) 

(Labtech, UK), lOOmM L-Glutamine, 100 U/ml penicillin, 100 |J.g/ml streptomycin 

and 50 fj.M 2-Mercaptoethanol.

2.1.7 Diethanolamine Buffer

97 ml Diethanolamine

0.1 g Magnesium Chloride (MgC12.6H20)

0.2 ml IM  Sodium Azide (NaN3)

made up to 1 L with ddH20 and pH adjusted to 7.2 with HCL.

59



2.1.8 SDS/PAGE gels

Different percentage SDS/PAGE gels were prepared as outlined in Table 2.1.

2.1.9 Molecular Weight Markers

Protein kD

Myosin 208.0

P-galactosidase 115.0

Bovine serum albumin (BSA) 79.0

Ovalbumin (OVA) 49.5

Carbonic Anhydrase 34.8

Soybean trypsin inhibitor 28.3

Lysozyme 20.4

Aprotonin 7.2

2.1.10 RIPA Extraction Buffer

5 ml o f lM T risp H 7 .5  

3 ml o f IM N aC l

1 ml o f NP40 (USB, Cleveland, Ohio)

0.5 g Sodium deoxycholate 

1 ml o f 10% sodium dodecyl sulphate (SDS)

Dissolved in 100 ml o f PBS supplemented with 1 ml o f 100 mM vanadate (Sigma).
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2.2 B. pertussis strains and antigens

B. pertussis parental strain BP338 (N ar derivative o f Tohama 1) and FHA-depleted 

mutant BPM409 (insertion in Fhab gene) (Ewanowich et al., 1989) were grown at 

36°C in Stainer-Scholte medium. Heat killed B. pertussis for use in T cell assays 

were prepared by incubation o f cells at 90°C for 20 min. Purified native pertussis 

toxin (PT), filamentous haemagglutinin (FHA) and pertactin (PRN) for use in T 

cell assays were provided by Connaught Laboratories Ltd., Ontario, Canada. 

Purified filamentous haemagglutinin (FHA), pertactin (PRN) were also provided 

by Chiron Corporation, Siena, Italy and were free o f other B. pertussis proteins by 

analysis on SDS/PAGE gels. Purified antigens were free or had low contaminating 

LPS (<50 pg/|ag protein) by analysis with an E-Toxate kit (Sigma Chemical Co. 

Ltd. Dorset, UK). PT was inactivated by heating at 80°C for 20 min. The third 

British reference preparation for pertussis vaccine (94/532) from NIBSC, U.K. was 

used as a whole cell vaccine in specified experiments. All other antigens were used 

as native preparations without further in-activation steps.

2.3 Mouse Strains

Specific pathogen-free BALB/c (H-2‘*) (Harlan, UK), C57BL/6 (H-2*’) (Harlan, 

UK), BALB/c OVA TCR transgenic (OVA TCR Tg) (H-2‘̂ ) (Jackson Laboratories, 

Maine, USA) and mutant C57BL/6 mice deficient in the IL-10 gene (IL-10'^‘) 

(Jackson Laboratories, Maine, USA) were maintained under the guidelines o f the 

Irish Department o f Health and were 8-12 weeks old at the initiation of 

experiments.
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2.4 Antibodies

The specificity and source o f  m onoclonal and polyclonal antibodies used are 

detailed in Table 2.2

2.5 Cytokine Standards

M urine cytokines were obtained from  the D ivision o f  Im m unobiology in NIBSC 

and from  com m ercial sources as outlined in Table 2.3

2.6 Cell lines

The adherent m urine m acrophage cell line J774.2 and the hum an pulm onary 

epithelial cell line, NCI-H 292 were obtained from  the A m erican Type Culture 

Collection (A TCC) Rockville, USA. The DC cell line DC 2.5 was generated by 

Kenneth L. Rock, D ana Farber C ancer Institute, Boston, USA. The RAW  

m acrophage cell line was provided by Dr. Stephen Todryk, Im m une Regulation 

Research Group, Trinity College Dublin, Ireland. The anti-FH A  M ab secreting B 

cell hybridom a cell line HC5-97 was generated by G eraldine O ’Grady and Bernard 

P. M ahon, N.U.I. M aynooth U niversity, Co. Kildare, Ireland (M cG uirk et al., 

2000).

2.7 Cryopreservation of cells in liquid nitrogen

Cells were frozen in RPM I-1640 m edium  containing 10% (v/v) dim ethysulphoxide 

(DM SO ) and 20%  PCS (v/v). The cells to be cryopreserved were first pelleted by 

centrifugation, resuspended with the freezing m ix at 4°C and then transferred to 

cryo tubes in 1.2 ml volum es. Cells were frozen under conditions that perm itted a
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gradual reduction o f  tem perature (l°C /m in) and were transferred to liquid nitrogen. 

Recovery o f  viable cells from liquid nitrogen was perform ed by thaw ing the cells 

quickly in a 37°C water bath. The cells were then transferred to 10 ml centrifuge 

tubes and w ashed 3 tim es in RPM I-1640 to ensure that all traces o f  DM SO were 

rem oved from  the cell suspension. A viability count was perform ed and cells 

resuspended in com plete m edium  and cultured at 37°C in a C O 2 incubator as 

described above.

2.8 Assessment of ceil viability

A staining solution was prepared by dissolving 0.1 mg o f  acridine orange and 0.1 

m g o f  ethidium  brom ide (Sigm a) in 100 ml o f  PBS and stored at 4°C. To assess 

cell viability 980 fj.1, 180 |j,l, or 20 )al (1/50, 1/20, 1/2 dilution, depending on cell 

density) o f  this stain was m ixed with 20\x\ o f  cell suspension and placed in a 

haem ocytom eter. The num ber o f  viable cells (green) and non-viable cells (orange) 

were counted using a fluorescent m icroscope.

2.9 Formaldehyde detoxification of bacterial antigens

The detoxification o f  bacterial antigen was achieved by addition o f  G elatin (0.02% , 

v/v) and Tw een 20 (0.05% , v/v) to the antigen preparation follow ed by addition o f 

form aldehyde (0.2% , v/v) and incubated overnight at 37°C. Follow ing this 

treatm ent the sam ple was exhaustively dialysed against 0.01%  form aldehyde/PBS. 

The concentration o f  protein in the form aldehyde treated antigen sam ple was then 

assessed by the Bio-Rad protein assay.
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2.10 Bio-Rad protein microassay

Protein concentrations were determined by the use o f the Bio-Rad protein assay 

(Bio-Rad, Herts, UK). 800 |j.l o f either the test sample, a serially diluted protein 

standard (Bovine serum albumin (BSA)), or PBS were mixed with 200 |0.1 o f Bio- 

Rad dye reagent. After 5 minutes, absorbency at 595 nm was measured against the 

reagent blank and protein concentration o f the test sample was determined after 

reference to a standard curve prepared using BSA in the range o f 0 to 200 |j,g/ml.

2.11 UV-Sterilization

Protein antigens or other preparations were sterilized by exposure to UV-irradiation 

at 254 nm for 10 min at a distance o f 8 cm from the light source. Only preparations 

in medium free reagents were UV-irradiated as the phenol red dye present in 

RPMl-1640 medium generates toxic free radicals upon exposure to UV light.

2.12 Preparation of acellular pertussis vaccines

Acellular pertussis (Pa) vaccines, containing alum adsorbed antigens, were 

prepared by mixing 5 |j,g each o f FHA, pertactin and formalin detoxified PT (PTd) 

to 150 |j.g o f alhydrogel and incubated overnight at 4°C with constant agitation.

Diphtheria (Dip) and Tetanus (Tet) vaccines were commercially available 

(Dif-Tet-All, Biocine-Sclavo, Italy) and contained 30 I.U./0.5ml o f diphtheria 

toxoid and 40 I.U./0.5ml o f tetanus toxoid adsorbed to alhydrogel. 0.17 human 

dose o f the Dif-Tet-All vaccine was used for immunizations.

Haemophilus influenza type b polysaccharide (Hib) vaccine was 

commercially available (Infanrix, SmithKline Beecham, Germany) and contained
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11 mg/0.5ml o f Hib type b polysaccharide. 0.2 human dose o f the Hib vaccines was 

used for all immunizations

2.13 W hole cell pertussis vaccines

The whole cell pertussis vaccine (94/532) was reconstituted in sterile PBS and 0.2 

human dose was used for all immunizations, except where otherwise stated.

2.14 Immunizations

All mice were 8-12 weeks old at the initiation o f experiments. Mice immunized by 

the intraperitoneal (i.p.) route received a maximum volume o f 0.3 ml per mouse. In 

experiments to assess the protective efficacy o f vaccines, mice received two i.p. 

immunizations at weeks 0 and 4 and mice were challenged 2 weeks after the 2"‘̂ 

immunization.

2.15 Aerosol infection of mice

Respiratory challenge o f mice was induced by aerosol challenge using a modified 

version o f the method described by Sato et al., (1980). B. pertussis 338 or B. 

pertussis 409 was grown at 37°C under agitation conditions in Stainer-Scholte 

liquid medium (Stainer and Scholte, 1971). Bacteria from a 48 hr culture were 

concentrated by centrifugation to 2 x lO'^ CFU/ml in physiological saline 

containing 1% casein. Mice were exposed for 15 min to the challenge inoculum 

using a nebulizer directed into an aerosol chamber containing groups o f 20-30 

mice. Four mice form each experimental group were sacrificed at different time 

points after aerosol challenge to assess the number o f viable bacteria in the lungs.
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2.16 Enumeration of viable bacteria in the lung

Lungs were homogenized in 1 ml o f sterile PBS with 1% casein on ice. One 

hundred microlitres o f neat or serially diluted homogenate were plated out on 

Bordet-Gengou plates. The plates were incubated at 37°C for 4 days and the 

numbers o f colony forming units (CFU) were estimated. Results are given as the 

mean number o f B. pertussis CFU for individual lungs from four mice from each 

experimental group.

2.17 Bronchoalveolar lavage

The apparatus used for performing bronchoalveolar lavage was constructed in the 

following manner. A catheter was made by inserting 21-gage needles into either 

end o f a tightly fitted nylon tube (internal diameter approximately 1.0mm). The 

plastic lock was then cut off one o f the needles with a small wire cutter to leave a 

blunt end for insertion into the trachea. The catheter and two 5 ml syringes were 

then attached to a three-way valve leur lock.

Mice were sacrificed and the skin carefully cut and pulled back from the thoracic 

area. The ribcage, sternum and the tissue overlaying the trachea were the carefully 

removed. Using a 23-gage needle, a small hole was then made in the trachea mid 

way between the lungs and the larynx, taking care not to pierce the trachea on both 

sides or the blood vessels on either side o f the neck. A cotton ligature was then 

threaded under the trachea using a curved forceps. One o f the 5 ml syringes was 

then filled with warm RPMI 1640 supplemented with 2% PCS. The syringe was re

attached to the three-way valve and the catheter filled with medium. The catheter 

was then inserted into the trachea and secured in position by tightly tying the cotton
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ligature. Medium was then gently infused into the lungs until they were fully 

inflated. The three-way valve was then turned and the fluid withdrawn into the 

empty syringe. This procedure was repeated until 5 ml o f medium had been infused 

and withdrawn. Alveolar lavage fluid was then transferred to a 10ml tube and 

centrifuged at 200 g for 5 min. BAL cells were resuspended in RPMI (8% PCS) 

and a viable cell count was performed as described in section 2.16. BAL fluid was 

concentrated using a Centricon-10 (Amicon) and stored at -80°C  until needed.

2.18 Morphological identification of cells

The cell composition during the course o f infection was studied by a microscopic 

examination o f Romanowsky staining o f cytospin preparations o f cells recovered 

from BAL fluid or thoracic nodes. A viable cell count was performed as described 

in section 2.16. Cells were then centrifuged at 200 g for 5 min and resuspended in 

0.5 ml o f a 0.144 M ammonium chloride solution for 3 min to lyse red blood cells. 

Cells were then washed and resuspended in 1ml o f PBS/BSA/Azide. 100^1 o f the 

cell suspension was then added into the cytospin apparatus. The cells were then 

attached onto the microscopic slide apparatus and centrifuged for 3 min at 1500 

rpm in a Shandon cytospin. Cells were then fixed by repeated dipping o f the slide 

in 100% methanol for 1 min and then stained without washing for 1 min in eosin 

red and methyl blue (1 min). The slide was then carefully washed and allowed to 

air dry for 10 min at room temperature. Using a light microscope, a differential cell 

count was then performed on 300 cells/slide and the percentage o f 

macrophages/DC, lymphocytes and polymorphonuclear leukocytes was converted 

into overall numbers per lung/lymph node. Macrophages and DC were identified as
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large granular ce lls  w ith abundant cytoplasm , lym phocytes as small spherical ce lls  

with little or no v isib le cytoplasm  and neutrophils as sm all m ulti-nucleated cells.

2.19 Purification of T cells using the Pierce mouse T cell purification column

Single ceil suspensions from lung parenchyma and alveolar spaces (referred to as 

lung ce lls hereafter) were prepared by m echanical disruption; d issected lungs were 

disrupted by grinding with a plunger o f  a 5 ml syringe on cell strainers. The viable  

cells recovered by centrifugation at 200 g for 5 m in were predominantly 

lym phocytes and m acrophages. Adherent ce lls  such as m acrophages were rem oved  

by incubation o f  the crude lung hom ogenate on plastic petri d ishes at 37°C  in a CO2 

incubator for 2 hr. C ells were w ashed and resuspended in 10 ml o f  ice cold  PBS  

containing 2% FCS. T cell purification w as performed using the Pierce m ouse T 

cell isolation kit (Pierce and Warrnier (U K ) Ltd., Chester, U K ). Prior to T cell 

purification the colum n was washed w ith 20 ml o f  PBS with 2% FCS. Lyophilized  

goat anti-m ouse IgG w as reconstituted in 1.5 ml o f  PBS-2%  FCS and was loaded  

gradually into the colum n using a pasteur pipette. The outlet valve w as then closed  

and the colum n was washed with 15 ml o f  PBS-2%  FCS and the flow  rate adjusted  

to 6-8 drops per min. The non-adherent cell fraction w as loaded onto the colum n in 

5 2 ml aliquots over a 45 m in period. T cells w ere purified from the cell suspension  

by negative selection. T cells passed through the colum n and were collected  in the 

eluant. Purified T cells were then washed and resuspended in RPMI 1640 m edium  

(8% FCS). The efficiency o f  the purification procedure as assessed  by FA C Scan  

analysis using FITC-labeled anti-CD3 antibodies revealed that the purity o f  the T
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cell population was greater than 90%. Spleen T cells were purified using the same 

procedure as that described above.

2.20 Purification of T cells from murine spleens using the magnetic activated 

cell sorting system (MACS)

Single cell suspensions from whole spleens were prepared by mechanical 

disruption; dissected spleens were disrupted by grinding with a plunger o f a 5 ml 

syringe on a cell strainer. Cells were then centrifuged at 200 g for 5 min and 

resuspended in 5.0 ml o f RPMI. A cell count was performed as outlined in 2.8. 

Collagenase/Dispase (Roche Diagnostic GmbH, Germany) was prepared as 

outlined by the manufacturer and 20 ml was added to the 5 ml cell suspension. The 

suspension was incubated at 37°C for 45 min. 20 ml o f PBS-5% BSA (MACS 

running buffer) was added to the cell digest solution to wash the cells and the 

suspension was centrifuged at 200 g for 5 min. This washing step was repeated 3 

times and the final pellet was resuspended in 1ml o f MACS running buffer. A 

second cell count was performed as outlined in section 2.8. The cell suspension 

was centrifuged at 200 g for 5 min and the pellet was resuspended in 90 )j,l (per 100 

xlO^ total cells) o f running buffer and 10 |j.l (per 100 x 10^ total cells) o f anti- CD4 

beads (T cell marker) (Miltenyl Biotec GmbH, Germany). The suspension was 

incubated for 15 min at 4°C. The cells were washed by adding 20 ml o f running 

buffer to the cells suspension. The cells were centrifuged at 200 g for 6 min and the 

pellet was resuspended in 500 |il o f running buffer. The solution was passed 

through a MACS filter to remove large cell debris. The cell solution was separated 

using the POSSLD program on the MACS system. The eluted positive fraction was
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collected and centrifuged at 200 g for 5 min. The pellet was resuspended in 400 \x\ 

of running buffer and a cell count was performed as outlined in section 2.8. The 

efficiency of the purification procedure as assessed by FACScan analysis using 

FITC labeled anti-CD4 revealed that the purity of the T cell population was greater 

than 98%.

2.21 Purification of immature DC from murine lungs and spleens using the 

magnetic activated cell sorting system (MACS)

Single cell suspensions from whole lungs or spleens were prepared by mechanical 

disruption; dissected organs were disrupted by grinding with a plunger of a 5 ml 

syringe on a cell strainer. Cells were then centrifuged at 200 g for 5 min and 

resuspended in 5.0 ml of RPMI. A cell count was performed as outlined in Section 

2.8. Collagenase/Dispase (Roche Diagnostic GmbH, Germany) was prepared as 

outlined by the manufacturer and 20 ml was added to the 5 ml cell suspension. The 

suspension was incubated at 37°C for 1 hr. 20 ml of PBS-5% BSA (MACS running 

buffer) was added to the cell digest solution to wash the cells and the suspension 

was centrifuged at 200 g for 5 min. This washing step was repeated 3 times and the 

final pellet was resuspended in 1 ml of MACS running buffer. A second cell count 

was performed as outlined in section 2.8. The cell suspension was centrifuged at 

200 g for 5 min and the pellet was resuspended in 200 |j.1 (per 100 x 10  ̂total cells) 

of normal mouse serum (NMS) and incubated for 15 min at 4°C to block Fc 

receptors. 100 |j.l (per 100 xlO^ total cells) of anti- C D l l c  beads (DC marker) 

(Miltenyl Biotec GmbH, Germany) and 200 |j.l (per 100 xlO^ total cells) of running 

buffer was added to the cell suspension and incubated for 15 min at 4°C. The cells
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were washed by adding 20 ml o f running buffer to the cells suspension. The cells 

were centrifuged at 200 g for 6 min and the pellet was resuspended in 1ml of 

running buffer. The solution was passed through a MACS filter to remove large 

cell debris. The cell solution was separated using the POSSLD program on the 

MACS system. The eluted positive fraction was collected and centrifuged at 200 g 

for 5 min. The pellet was resuspended in 400 |̂ 1 o f running buffer and a cell count 

was performed as outlined in section 2.8. The efficiency o f the purification 

procedure as assessed by FACScan analysis using FITC labeled anti-MHC II and 

PE-labeled C D l l c  antibodies revealed that the purity o f the DC population was 

greater than 98%.

2.22 Preparation of antigen presenting cells (APC)

Spleens were removed from BALB/c mice and placed in 8 ml o f ice-cold sterile 

RPMI medium. Vials containing the spleens or homogenised lung mononuclear 

cells in PBS/8% PCS were placed within an irradiation chamber (Gammacell 3000, 

Nordion, Ontario, Canada) and irradiated at 30 Gy (the established dose to prevent 

cell proliferation) for 5 min. The irradiated spleens were then homogenised to 

generate cell suspension, washed twice and resuspended in RPMI (8% PCS).

2.23 Detection of cytokines

Purified lung or spleen T cells and APC, or unseparated lung or spleen cells were stimulated in vitro  

with B. pertu ssis  antigens, a-C D 3 (1 ^ig/ml) and PMA (25 (xg/ml) (positive control) or medium  

alone (negative control). In addition, lymph node cells were cultured in vitro  using the sam e stimuli. 

Supernatants were rem oved after specified periods and assayed for cytokine production.
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2.23.1 IL-4, IL-5, IL-6 and IFN-y ELISA

The cytokine concentrations were measured by enzyme hnked immunosorbent 

assay (ELISA) using the antibodies described in Table 2.2 Cytokine specific 

capture antibodies (50 )j.l/well at 1 |J.g/ml in PBS) were added to 96-well microtitre 

plates (Nunc) and incubated overnight at 4°C. The plates were washed 4-5 times 

with wash solution (PBS/0.05% Tween 20) and then incubated with 200 |j,l/well o f 

blocking solution (PBS supplemented with 10% w/v o f dried milk (marvel®)) at 

room temperature for 2 hr to block non-specific binding sites. Following washing, 

plates were incubated overnight at 4°C with 50 |al/well o f the test supernatant or the 

corresponding cytokine standard. The plates were then washed and incubated with 

50(j.l/well o f a biotinylated anti-cytokine antibody (1 |J.g/ml) in PBS at room 

temperature for Ih. After washing, the plates were incubated for 20 min at room 

temperature with 50)j.l/well o f extravidin alkaline phosphatase (Sigma Chemical 

Co. Ltd, Poole, Dorset, UK) at 1/2500 dilution in PBS. Finally, after washing, the 

plates were incubated with 100 |o.l/well o f p-nitrophenyl phosphate (pNPP) 

substrate (Sigma) at 1 mg/ml in IM  diethanolamine buffer pH 9.8. The optical 

density (O.D.) value o f test samples and cytokine standards were measured at 405 

nm using a microtiter plate reader (VersaMax) and cytokine concentrations for test 

samples determined after reference to a standard curve prepared from recombinant 

cytokines o f known concentration and potency. The limits o f the assays were 0.5 

ng/ml for IFN-y and 20 pg/ml for IL-4, IL-5 and IL-6.
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2.23.2 IL-12 p40 ELISA

IL-12 was detected by immunoassay using commercially available antibodies 

(Pharmingen) specific for the IL-12 p40 subunit. These antibodies recognise IL-12 

p40 either as a monomer, dimer, or as part o f the p70 heterodimer. 96-well 

microtiter plates were coated with 50|^l/well o f a capture anti-IL-12 monoclonal 

antibody (as described in Table 2.2) at a concentration o f 2 |u,g/ml in PBS and 

incubated overnight at 4°C. Following washing non-specific binding sites were 

blocked at room temperature for 2 hr using 200 [il/well o f PBS with 10% w/v dried 

milk. After washing 50 )j,l o f the test sample or diluted IL-12 standards in the range 

o f 0-5000 pg/ml were added and incubated overnight at 4°C. The plates were then 

washed and incubated with the detecting antibody (rat anti-mouse IL-12) at a 

concentration o f 2 |u,g/ml in PBS (50 |j.l/well) for 1 hr at room temperature. An 

alkaline phosphatase conjugated mouse anti-rat IgG2a (PharMingen) antibody was 

then used to detect the second anti-IL-12 antibody. Plates were incubated with 50 

|al/well o f a 1/1000 dilution o f the alkaline phosphatase antibody for 2 hr at room 

temperature. Finally, plates were washed and incubated with 100 |jl/well o f pNPP 

substrate at 1 mg/ml prepared in diethanolamine buffer (pH 9.8). O.D. values were 

measured at 405 nm and IL-12 concentrations were determined from a standard 

curve prepared using recombinant murine IL-12 o f known concentration.

2.23.3 IL-lp, IL-10, IL-12 p70 and TNF-a ELISA

The cytokine concentrations were measured using commercially available ELISA 

kits (Biosource International, USA). Cytokine-specific capture antibodies (50 

|j.l/well at 1 |J.g/ml) were added to 96-well microtitre plates (as described in Table
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2.2) and incubated overnight at 4“C. Following washing non-specific binding sites 

were blocked at room temperature for 90 min using 100 |j.l/well o f PBS containing 

1% BSA and 5% sucrose. Washed plates were incubated overnight at 4°C with 50 

lal/well o f the test sample or the corresponding cytokine standard. The plates were 

then washed and incubated with 50 )u,l/well o f a biotinylated anti-cytokine antibody 

(1 |J.g/ml) in PBS supplemented with 1% BSA at room temperature for 2 hr. 

Following washing 50 |j.l o f streptavadin conjugated to horseradish peroxidase 

(Strep-HRP) was added to each well for 20 min. Plates were washed and 100 |il of 

substrate solution, tetramethylbenzadine, (TMB) was added to each well for 20 

min. 50 |al o f 2 N H 2 SO4  was added to each well to stop the reaction. The O.D. 

value o f test samples and cytokine standards were measured at 450 nm using a 

microplate reader (VersaMax) and cytokine concentrations for test samples 

determined after reference to a standard curve prepared from recombinant 

cytokines o f known concentration and potency. The limits o f the assay were 16 

pg/ml for IL-10 and TN F-a, 12 pg/ml for IL-12 p70 and 8  pg/ml for IL -ip

2.24 Detection of chemokine production in neat lung or stimulated BMDC

Neat lung homogenate was obtained as outlined in section 2.28 or BMDC 

IxlOVml were stimulated for various times points as indicated. Supernatants were 

removed and analyzed for M IP l-a , M IPl-p , MIP-2, MCP-1 and RANTES 

chemokine production.

74



2.24.1 M IP-la ELISA

M IP -la  was detected by immunoassay using a commercially available ELISA kit 

(R&D Systems, Minneapolis, USA). Ninty six-well microtiter plates were coated 

with 50 fal/well o f  a capture anti- M IP -la  monoclonal antibody (as described in 

Table 2.2) at a concentration o f  0.4 |j.g/ml in PBS and incubated overnight at 4°C. 

Following washing non-specific binding sites were blocked at room temperature 

for 1 hr using 200 fj.l/well o f  PBS containing 1% BSA and 5% sucrose. After 

washing 50 1̂ o f  the test sample diluted 1/2 with PBS 1% BSA or diluted M IP -la  

standards in the range o f  0-500 pg/ml were added and incubated overnight at 4°C. 

The plates were then washed and incubated with the detecting antibody (rat anti

mouse M IP -la) at a concentration o f  300 ng/ml in PBS 1% BSA (50 |al/well) for 2 

hr at room temperature. After washing 100 (il o f  Strep-HRP was added to each well 

for 20 min. Plates were washed and 100 |j.1 o f  TMB was added to each well for 20 

min. 50 |al o f  2 N  H2 SO4  was added to each well to stop the reaction. O.D. values 

were measured at 450 nm and M IP -la  concentrations were determined from a 

standard curve prepared using recombinant murine M IP -la  o f  known 

concentration.

2.24.2 M IP-lp, MIP-2, MCP-1 and RANTES ELISA

The chemokine concentrations were measured by ELISA using the antibodies 

described in Table 2.2. Chemokine specific capture antibodies (50 |j.l/well at 

l|j,g/ml in PBS) were added to 96-weIl microtitre plates (Nunc). Coated plates were 

incubated overnight at 4°C. The plates were washed 4-5 times with wash solution

75



(PBS/0.05%  Tween 20) and then incubated with 200 |al/well o f  blocking solution 

(PBS supplemented with 10% w /v o f  dried milk (marvel®) at room temperature 

for 2 hr to block non-specific binding sites. Following washing, plates were 

incubated overnight at 4°C with 50 jal/well o f  the test supernatant or the 

corresponding chemokine standard. The plates were then washed and incubated 

with 50 |j.l/well o f  a biotinylated anti-chemokine antibody at 1 |J.g/ml in PBS at 

room temperature for 2 hr. After washing, the plates were incubated for 20 minutes 

at room temperature with 100 (a.l/well o f  Strep-HRP at 1/2500 dilution in PBS. 

Plates were washed and 100 |al o f  TMB was added to each well for 20 min. 50 fil 

o f  2 N  H2 SO4  was added to each well to stop the reaction. O.D. values were 

measured at 450 nm and chemokine concentrations were determined from a 

standard curve prepared using recombinant murine chemokines o f  known 

concentration.

2.25 Determination o f serum IgG antibody and subclass levels

Serum samples were prepared from peripheral blood o f  mice removed from the 

thoracic cavity after sacrifice. Blood was allowed to clot for 1 hr at room 

temperature and then placed at 4°C for 2-4 hours. Serum was then removed into 

fresh tubes and stored at -20°C. The levels o f  antigen-specific IgG antibodies in the 

sera o f  naive, immunized or infected mice was determined by ELISA. B. pertussis  

sonicate (5 |J.g/ml in PBS) was added to 96-well microtiter plates and incubated 

overnight at 4°C. Excess antigen was washed with wash buffer (PBS/0.05%  Tween 

20) and non-specific binding sites were blocked by incubating the plates with PBS 

supplemented with 10% w/v o f  dried milk for two hours. Sera were serially diluted
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in PBS on the washed plates to determine the endpoint titre. The initial dilution 

used for analysis o f total IgG titres depended on the number o f immunizations and 

the time after immunization or infection. In general, serum from mice was diluted 

1/50 or 1/75 to measure total IgG or 1/40 to measure IgG subclass. The plates with 

the serum samples were incubated overnight at 4°C or for 2 hr at room temperature. 

After washing, plates were incubated for 1 hr at room temperature with 50 |j,l/well 

o f an alkaline phosphatase conjugated rat anti-mouse IgG monoclonal antibody (as 

detailed in Table 2.2), with specificity for the whole IgG molecule or IgG l, IgG2a 

or IgG2b subclasses. The plates were then washed and incubated with 100 |il/well 

o f p-nitrophenyl phosphate in diethanolamine buffer. The absorbance was 

measured at 405 nm. Results are expressed as logio endpoint antibody titres 

determined by extrapolation to the O.D. 405 nm value o f the control, naive serum. 

Control wells in which the antigen, serum sample or detection antibodies were 

omitted gave negligible absorbencies with range 0.1-0.2.

2.26 Determination of lung IgA antibody responses

B. pertussis sonicate (1 )J.g/ml in PBS) was added to 96-well microtiter plates and 

incubated overnight at 4°C. Excess antigen was washed with wash buffer 

(PBS/0.05% Tween 20) and non-specific binding sites were blocked by incubating 

the plates with PBS supplemented with 10% w/v o f dried milk for 2 hr. Neat lung 

homogenates were serially diluted in PBS on the washed plates to determine the 

endpoint titre. The initial dilution used for analysis o f total IgA titre depended on 

the number o f immunizations and the time after immunization or infection. In 

general, an initial dilution o f 1/4 was used for lung homogenates from mice which
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w ere infected or w hich  had received tw o im m unizations. The plates w ith the 

sam ples were incubated overnight at 4°C. After w ashing, plates were incubated for 

Ih at 37°C with 50|j,l/well o f  sheep anti-m ouse IgA  m onoclonal antibody (1 /3 ,000  

dilution in PBS/10% FC S). After w ashing 50|al/w ell o f  alkaline phosphatase 

conjugated donkey anti-sheep IgA  m onoclonal antibody (1 /3 ,000  dilution in 

PBS/10% FC S) w as added. The plates were then w ashed and incubated with  

100|a,l/well o f  p-nitrophenyl phosphate in diethanolam ine buffer. The absorbance 

w as measured at 405 nm. Results are expressed as logio endpoint antibody titre 

determined by extrapolation to the O .D. 405 nm value o f  the control, naive serum. 

Control w ells in w hich  the antigen, sam ple or detection antibodies were om itted  

gave neglig ib le absorbencies with range 0.1-0.2.

2.27 Signalling in macrophage and DC stimulated with immunomodulators

M acropahge (J774 or peritoneal) or DC (D C  2.5 cells or B M D C ) were incubated in 

24 w ell tissue culture plates (N unc) with FH A, LPS, lL -10, a -IL -10  antibody or a -  

FH A  antibody for different tim e points. After this tim e, the m edium  w as aspirated  

and collected  for cytokine analysis. 1 ml o f  ice cold  PBS/vanadate (S igm a) was 

added to the cells and the cells were scraped from the base o f  the w ell and 

transferred to a second tube. The w ell w as rinsed w ith 2 ml o f  ice cold PBS  

supplem ented w ith 1% vanadate and this solution was transferred to the second  

tube. The cell suspension w as centrifuged at 1000 rpm for 5 min. The supernatant 

w as aspirated and the pellet was frozen in liquid nitrogen and stored at -7 0 °C . The 

pellet was thawed and 150 |il o f  cell lysis buffer (RIPA) plus inhibitors (leupeptin  

2 i^l/ml, pepstatin 1 |al/ml, aprotonin 5 |j.l/ml, PM SF 10 |al/ml and N a3V 0 4  10
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|al/ml) was added and the cell suspension was incubated for 45 min on ice. The cell 

suspension was centrifuged at 1000 rpm for 5 min, and the supernatant collected 

and shock frozen in liquid nitrogen. The supernatant was thawed and the protein 

concentration estimated as outlined in section 2.10. Protein concentrations were 

normalised by the addition o f RIPA buffer to the relevant samples. 5X loading 

buffer with 2M Dithithreiotol (DTT, Sigma) was added to each sample and the 

sample boiled for 5 min at 100°C. Whole cell protein samples were separated on 8- 

15% SDS/PAGE gels according to the method o f Lugtenberg et al., (1975). The 

gels were transferred using a mini-transfer system for 90 min onto PVDF 

(Immobilon, USA) membrane soaked in transfer buffer with 5% MeOH. After this 

time the PVDF membrane was blocked for 1 hr at RT with 5% dried milk 

(Marvel®) in PBS-Tween (0.05%) (DMPBST). The blots were then incubated with 

the primary antibody (rabbit a-mouse/human total and pSTAT-3/pSTAT-l (ISIS 

Technologies), rabbit a-m ouse/hum an SOCS-3/CIS-3 (Assay Designs Inc.), rabbit 

a-m ouse total and p-p38 (Santa Cruz) and rabbit a-m ouse total and p-pERK (Santa 

Cruz) diluted in 5% DMPBST overnight at 4°C as outlined in Table 2.4. The blot 

was washed briefly in PBS-Tween with 2 x 5  min and 1 x 1 0  min washes. The 

secondary antibody was diluted in 5% DMPBST (HRP linked mouse a-rabbit IgG 

(DAKO), HRP-linked mouse anti-rabbit IgG (Santa Cruz), HRP-linked a-m ouse 

IgM (Santa Cruz)) and added as outlined in Table 2.2. The blot was washed in 

PBS-Tween with 2 x 5  min and 1 x 10 min and 2 x 5  min washes. Electro- 

chemiluminescent reagent (ECL, Amersham Biosciences, UK) reagent was added 

to the washed blot for 1 min and excess reagent was drained from the blot. The blot 

was then exposed to photographic film for various times (5-60 min).
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2.28 Effect of the p-ERK inhibitor, PD98059, on cytokine production in LPS 

stimulated BMDC

BMDC IxloV m l were cultured overnight in 24 well plates (NUNC). The pERK 

inhibitor PD98059 (Calbiochem, USA) was added to wells (10 |j.l) at a range of 

concentrations (0.5, 5, 25 and 50 |amolar) for 1 hr prior to stimulation with LPS 

(l|j.g/ml). Supernatants were collected at 3, 6 and 24 hours following stimulation 

and cells lysed (section 2.27). Total ERK and p-ERK were measured in lysed cells 

as outlined in section 2.27 and cytokine production in the supernatants was 

assessed by specific immunoassay (section 2.23).

2.29 Assessment of bacterial-mammalian cell adherence using the BacLight 

Live/Dead® viability kit

Macropahge (J774, RAW), DC (DC 2.5 cell line) and the human pulmonary 

epithelial cell line (NCI-H292) were used to determine if  FHA was important in 

mammalian cell attachment. Cells were prepared/cultured as outlined in Chapter 5 

and 1 ml o f these cultures were added to each well o f a 24 well plate (Nunc). Cells 

were incubated for 1 hr at 37°C to allow cell adherence. After this time each well 

was gently washed with 2 ml o f sterile PBS and the cell content o f the wash 

solution, determined as outlined in section 2.8, demonstrated negligible loss o f cell 

adherence. Bacterial cells were grown as outlined in section 2.15 and cultures were 

adjusted to 1.0 x 10^ cells/ml. The bacterial suspension was centrifuged at 3000 

rpm for 15 min and the pellet resuspended in 5 ml o f sterile PBS. A 2x working 

solution o f the Live/Dead BacLight (Cambridge Bioscience, UK) staining reagent 

mixture was prepared by mixing the contents o f one Component A pipette with 1
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Component B pipette in a common 5 ml-volume of filter sterilized water. This 5 ml 

reagent mixture was added to the 5 ml bacterial culture and incubated in the dark at 

RT for 15 min. After this time the bacterial cell suspension was washed 3 times in 

sterile PBS to remove excess label. The bacterial suspension was centrifuged at 

3000 rpm for 15 min and the pellet was resuspended in RPMI supplemented with 

8% FCS to yield a bacterial cell suspension of 5.5 x 10  ̂cells/ml. Dilutions of this 

bacterial cell suspension were added to the adherent macrophage cell line to assess 

adherence of bacteria to macrophages, DC or epithelial cells when present at 

different concentrations (1:1 -  1000:1 bacteria:mammalian). In addition, 100 |j,l of 

anti-FHA supernatant was added to selected wells to examine the effect of FHA on 

bacterial adherence to mammalian cells. The plates were incubated for 1 hr at 

37°C. After this time supernatants were removed and adherent cells were washed 

with 1ml of RPMI. Cells were then scraped from the base of the wells and 100 \x\ 

was removed in triplicate from each well and transferred into a 96 well plate 

(Nunc). The plate was read in a fluorescent microplate reader (SpectraMax Gemini, 

Molecular Devices, USA). A first reading was obtained at 485 nm-emission 1 and 

a second reading was obtained at 630 nm-emission 2. The data was analyzed by 

dividing the fluorescence intensity of the stained bacterial suspension at emission 1 

by the fluorescence intensity at emission 2 to determine the rate of bacterial 

attachment to the mammalian cell line.

2.30 Flow cytometry

Cell surface marker expression was assessed by flow cytometry using a FACScan 

(Becton-Dickinson, San Jose, USA). Direct staining methods were used to assess
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cell surface marker expression and results were analysed using Cell Quest software 

(Becton-Dickinson).

2.30.1 Analysis of CD80, CD86, CD40, CCR5, MHC class II, C D llc  and 

C D llb  expression on APC

Cells isolated from the lung or spleen o f naive and infected mice were washed and 

resuspended in PBS/BSA/0.05% 1 M sodium azide and marker expression was 

assessed using PE or FITC conjugated antibodies as detailed in Table 2.2 

(Pharmigen). After an incubation period o f 25 min at 4°C in the dark, cells were 

washed twice in PBS/BSA/0.05% 1 M sodium azide and twice in the same solution 

containing 2% formaldehyde to fix the cells. Flow cytometry was then performed 

using a FACScan (Becton-Dickenson). Unstained cells were used as a control to 

determine the level o f background auto-fluorescence, while cells stained with an 

irrelevant antibody o f matched isotype was used to assess non-specific binding. 

Macrophages and DC were discriminated from B and T cells, where indicated, by 

gating on forward and side scatter properties.

2.30.2 Analysis of CD4 and CD3 expression on T cells isolated from OVA 

TCR Tg mice

Isolated CD4^ cells from naive OVA TCR Tg mice (Section 2.20) were washed 

and resuspended in PBA/BSA/Azide and T cell populations were detected using 

PE-conjugated anti-CD3 (clone 29B) (Sigma) and FITC-conjugated anti-CD4 

(clone H129.19) (Sigma). After an incubation period o f 25 min at 4°C in the dark, 

cells were washed and fixed and flow cytometry analysis performed by FACScan.
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2.31 Statistics

Statistical analysis o f data was performed using the computer based statistical 

package InStatS. Statistical significance o f difference was assessed using Anova 

multi sample comparisons as indicated in the text and figure legends.
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Table 2.1 Preparation o f  SDS/PAGE gels

Stacking

Gel

8%

Separating

Gel

10%

Separating

Gel

12%

Separating

Gel

15%

Separating

Gel

ddHzO 6.0 ml 4.65 ml 4.0 ml 3.32 ml 2.32 ml

0.5M Tris-HCL 

pH 6.8

2.5 ml

1.5M Tris-HCL 

pH 8.8

2.5 ml 2.5 ml 2.5 ml 2.5 ml

10% SDS lOOî l 100 |al 100 1̂ 100 nl 100 |al

30%

Acrylamide/

Bisacrylatnide

1.3 ml 2.66 ml 3.33 ml 4.0 ml 5.0 ml

Temed lO îl 10|al 10|al 10 1̂ 10 III

20% APS 100|il 100 [x\ 100 ^l 100 1̂1 100 1̂1
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Table 2.2 The origin and specificity o f antibodies

Antibody

Clone/Reference

Specificity Conjugate Supplier

RA-6A2 IFN-y PharMingen, San Diego, 

USA

XMG1.2 IFN-y biotin M

11-B-ll IL-4 National Institute o f Health, 

USA

BVD6-24G2 IL-4 biotin PharMingen, San Diego, 

USA

TRFK5 IL-5 -
H

554400 lL-6 -
II

554402 lL-6 biotin I t

TRFK4 IL-5 biotin M

C17.8 IL-12p40 Genzyme Diagnostics, MA, 

USA

C15.6 IL-12p40 -
II

840131 IL-12p70 - R&D Systems, MA, USA

840132 IL-12p70 Strep-HRP II

840125 IL-10 - R&D Systems, MA, USA

840126 lL-10 Strep-HRP II

AMC0914 IL-ip Genzyme Diagnostics, MA, 

USA
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AMC0719 IL -ip biotin I t

840222 M IP -la - R&D Systems, MA, USA

840223 M IP -la Strep-HRP I I

840143 TN F-a - R&D Systems, MA, USA

840144 TN F-a Strep-HRP I f

R19-15 mouse IgG2a AKP PharMingen, San Diego, 

USA

A85-1 IgG2b t l I I

R12-3 IgGl t l I I

R40-82 IgG3 t l I I

29B CDS PE I I

H129.19 CD4 FITC PharMingen, San Diego, 

USA

16-lOAI B7-1 PE I I

Gll B7-2 FITC M

2G9 MHC II FITC I I

HL-3 C D llc PE I I

557397 C D llb PE M

59923 CCR5 PE I t

HM-40-3 CD40 FITC

G192-1 hamster IgG PE I t

- rat IgG 2a FITC I t

AF-451-NA M IP-lp -
I t
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BAF-451 M IP-lp Strep-HRP M

AF-279-NA MCP-1 -
II

BAF-279 MCP-1 Strep-HRP M

AF-452-NA MIP-2 -
M

BAF-452 MIP-2 Strep-HRP t l

AF-478-NA RANTES -
M

BAF-478 RANTES Strep-HRP n

- a-Goat-Biotin HRP Sigma Chemical Co. Ltd, UK

All antibodies are specific for mouse.
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Table 2.3 Recombinant cytokines/chemokines

Cytokine/Chemokine

(mouse)

Source

IFN-y NIBSC, Herts, UK

IL-2 NIBSC, Herts, UK

IL-4 NIBSC, Herts, UK

IL-5 PharMingen, San Diego, USA

IL-12p40 PharMingen, San Diego, USA

IL-lp Genzyme Diagnostics, MA, USA

IL-12p70 R&D Systems, UK

IL-10 M

TNF-a tf

M IP-la I I

M IP-ip Genzyme Diagnostics, MA, USA

MCP-1 tl

MIP-2 (1

RANTES t t
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Table 2.4 The origin and specificities of antibodies used in western blotting

Antibody Antibody Primary

Antibody

Dilution

Secondary

Antibody

Dilution

Primary

Antibody

Source

Total STAT-3 

(9132)

Rabbit anti

human/mouse 

STAT-3

1/1000 1/4000 ofHRP- 

linked mouse 

anti rabbit IgG 

(DAKO)

Cell Signal 

Technology 

MA, USA

p-STAT-3tyr705

(9131)

Rabbit anti

human/mouse 

p-STAT-3tyr705

1/1000 1/4000 ofHRP- 

linked mouse 

anti rabbit IgG 

(DAKO)

M

Total STAT-1 

(9172)

Rabbit anti

human/mouse 

STAT-1

1/1000 1/4000 ofHRP- 

linked mouse 

anti rabbit IgG 

(DAKO)

t l

p-STAT-lTyr701

(9171)

Rabbit anti

human/mouse 

p- STAT-1 Tyr?0!

1/1000 1/4000 ofHRP- 

linked mouse 

anti rabbit IgG 

(DAKO)

M

S O C S-3

(91535)

Rabbit anti

human/mouse C IS- 

3 /S O C S -3

1/40 1/4000 ofHRP- 

linked mouse 

anti rabbit IgG 

(DAKO)

Assay Designs, 

Inc. USA.
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Total ERK 

(sc-94)

Rabbit anti-Mouse 

ERK

1/700 1/900 anti-rabbit 

IgG 

(Santa Cruz)

Santa Cruz 

Biotechnologies, 

USA

p-ERK

(sc-7383)

Rabbit anti- Mouse 

p-ERK

1/600 1/800 anti-rabbit 

IgG 

(Santa Cruz)

Total p38 

(sc-535)

Rabbit anti- Mouse 

p-38

1/200 1/200 ofH R P- 

linked anti

rabbit IgG 

(Santa Cruz)

t l

p-p38

(sc-7973)

Rabbit anti- Mouse 

p-p38

1/200 1/500 ofH R P- 

linked anti

mouse IgM 

(Santa Cruz)

t l
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C h a p t e r  3

M o d u l a t i o n  o f  H o s t  Im m u n e R e s p o n s e s  b y  B. p e r t u s s is

a n d  F H A



3.1 Introduction

Whooping cough is a severe, dehabilitating disease that is responsible for up to 30,000 

annual infant deaths worldwide. The traditional Pw vaccination programme was 

successful in reducing the incidence of severe B. pertussis infection. However, its 

association with mild to severe neurological conditions in children has motivated its 

replacement with the new generation Pa, consisting o f purified B. pertussis components. 

The persistence o f B. pertussis within vaccinated populations and the re-emergence of 

pertussis have driven efforts to better understand the mechanisms o f protective immunity. 

There is cumulative experimental evidence to suggest that both humoral and cell 

mediated immunity are required to confer optimum host protection against B. pertussis 

infection (Mills et al., 1993, Mahon et al., 1997a, Mahon et al., 1997b, Xing et al., 1998). 

However, a definitive role for antibody or cell mediated immunity in conferring host 

protection during pertussis infection remains to be defined. Studies employing murine 

infection models have demonstrated that B cells and/or antibody are critical for bacterial 

clearance, since the pathogen persists throughout the respiratory tract o f B cell deficient 

mice (Mahon et al., 1997a, Mahon et al., 1997b). However, the concentrations o f B. 

pertussis-s,^QC\f[c antibodies detected in the serum o f convalescent or vaccinated patients 

do not appear to correlate with host protection (Thomas et al., 1989) and intravenous 

immunoglobulin treatment o f human disease had limited success in clinical trials 

(Kirimanjeswara et al., 2003). These findings are contrary to the protective antibody 

response observed during infection with respiratory pathogens such as Haemophilus 

influenza and Pasteurella multocida, where protective immunity correlated with antibody
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litres, allowing the development of simple quantitative assays to monitor vaccine efficacy 

(Finn et al., 2000).

Evidence has demonstrated that B. pertussis can invade and survive within host 

cells, in addhion to the previously documented extra-cellular modes o f survival (Cheers 

and Gray, 1969). Direct evidence for a role o f T cells in resolving B. pertussis infection 

has also been documented. B. pertussis infection o f athymic or severe combined 

immunodeficient (SCID) mice resulted in a protracted course o f infection when 

compared with naYve control mice which cleared infection within 35 days (Mills et al., 

1993a, Leef et al., 2000). It is well documented that intracellular pathogens elicit host 

immunity primarily through the induction of €04"^ Thl type cells that secrete large 

amounts o f IFN-y, while extracellular pathogens have been implicated in activating an 

alternate arm o f the immune response, involving CD4^ Th2 cells, that secrete IL-4, IL-5, 

lL-6 and IL-IO. It has been demonstrated that IL-4 promotes Th2 type responses and that 

IL-4 and IL-10 suppress Thl cells, while IL-12 and IL-18 enhance IFN-y production that 

in turn suppresses induction o f Th2 cells. There is increasing evidence, to suggest that 

certain regulatory cytokines may reciprocally regulate alternate arms o f the immune 

response in vivo and that these mechanisms may be necessary to fine tune host immune 

responses during infection. However, there is also evidence suggesting that certain 

microbial components may be capable o f stimulating the activation o f regulatory 

cytokines, resulting in the down regulation o f host responses necessary to clear infection. 

Several studies have demonstrated that a number o f viral and bacterial components are 

capable o f suppressing IL-12 production, which is necessary for the induction o f Thl 

responses (Lee et al., 2003, Zaccone et al., 2003, Mosser et al., 1999). In addition, the
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recent identification o f the novel lL-12 family members, IL-23 and IL-27 involved in 

both memory T cell activation and early Thl initiation, provide an additional level of 

complexity to the regulation o f pro-inflammatory responses in the host (Brombacher et 

a\., 2003). Current evidence suggests that B. pertussis may employ immunomodulatory 

mechanisms to enhance its survival during infection. In addition, it has been shown that 

the Pw vaccine induces a potent Thl response and is extremely effective in conferring 

host protection, while the move to the use o f purified bacterial antigens in the Pa has 

resulted in lower vaccine efficacy (Greco et al., 1996). Although studies have 

demonstrated that both Pw and Pa are effective in eliminating pertussis from a vaccinated 

population, they appear to initiate immunity to B. pertussis via distinct arms o f the 

immune response (Fig.l). Pw initiates a more Thl biased response, while Pa appears to 

induce a Th2 type response following vaccination in mice and children (Ryan et al., 1997 

Mills et al., 1998b, Redhead et al., 1993).

Several B. pertussis virulence factors have been implicated in modulating host 

immunity, however, FHA is receiving considerable attention. FHA, the primary adhesion 

molecule of B. pertussis has been shown to bind to a number o f mammalian cell types 

including macrophages, DC and epithelial cells. Interaction o f RGD m otif on FHA with 

the integrin signalling complex (LRI/IAP) on the surface o f macrophages initiates a 

signalling cascade involving phosphatidylinositol-3-kinase (PI-3K), with a subsequent 

up-regulation o f CR3, another FHA ligand. Activation o f this host signalling pathway by 

FHA, may explain certain aspects o f its immunomodulatory properties; the upregulation 

o f cell surface marker expression may allow enhanced bacterial uptake and evasion of 

host killing mechanisms (Ishibashi et al., 2002). In addition, our laboratory have
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demonstrated that binding o f FHA to macrophages is a receptor mediated event that 

induces IL-10 in a dose dependant manner from DC and macrophages and that this IL-10 

inhibits lL-12 production, resuhing in a suppressed Thl response (McGuirk et al., 2000) 

(Fig. 2). In addition to modulating the production o f regulatory cytokines, certain 

bacterial and viral components may be capable o f modulating the expression o f cell 

surface markers. Epstein-Barr virus can evade the immune responses by modulating the 

expression o f human monocyte accessory molecules, such as CD80 and CD86 that are 

known to be important in T cell activation (Salek-Ardakani et al., 2002). An ability to 

alter APC function via modulation o f cell surface molecules may result in impaired T cell 

responses or the preferential skewing o f an immune response that is less effective in 

resolving infection.

It has also been reported that IFN-y plays a critical role in containing infection, 

since IFN-y or IFN-y receptor defective mice develop lethal or atypical disseminating 

disease (Mahon et al., 1997a, Barbie et al., 1997). In addition, several studies have 

demonstrated that potent Thl responses are only observed in mice 3-4 weeks after 

infection and that lung T cells are hyporesponsive to B. pertussis antigens during the 

acute phase o f infection (Me Guirk at al., 1998). These findings suggest that B. pertussis 

may employ strategies to subvert the protective immune responses o f the host and that 

FHA, secreted during the log phase o f bacterial growth, may be responsible for some of 

the suppression observed and may explain the documented protracted infection in both 

mice and children (Cherry et al., 1988).

The objective o f the study was to determine if FHA could modulate host 

immunity during natural infection with B. pertussis. To assess the role o f FHA, mice
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Fig. 2 Proposed role of B. pertussis FHA on macrophage cytokine production.



were challenged with a mutant strain devoid o f FHA and a wild type B. pertussis strain 

and immune responses were assessed during the course o f infection.
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3.2 Results 

3.2.1 Kinetics of bacterial clearance in the lungs of BALB/c mice infected with a 

B. pertussis wild type strain (BP 338) and a mutant strain devoid of FHA (BPM 409)

Mice were challenged by aerosol administration o f BP 338 or the FHA' mutant BPM 409 

and the course o f respiratory infection was assessed in the lungs up to 28 days post 

challenge (Fig. 3.1). The initial colonisation o f the lung with the mutant was reduced 

when compared to the wild type bacteria. However, bacteria proliferated sufficiently to 

ensure that no significant differences in the CFU counts were observed by 3 hours post 

challenge. A significant reduction in bacterial load was observed in the lungs o f mice that 

had received the mutant bacteria by day 7. A protracted course o f infection was observed 

in mice infected with the wild type B. pertussis strain, with a significant bacterial load 

still detectable at day 28. In contrast, complete clearance o f the bacterium was observed 

by day 21 in mice that had received the mutant devoid o f FHA.

3.2.2 Cytokine and chemokine responses in the lungs of BALB/c mice infected with 

BP 338 or BPM 409

The BAL fluid was collected from groups of four BALB/c mice infected with BP 338 or 

BPM 409 at selected time points post infection. The BAL fluid was concentrated by 

centrifugation using a Centricon filter column. Cytokine production in the BAL fluid was 

determined by specific immunoassay. This experiment investigated the ability o f FHA to 

modulated lL-12 P70 production during natural infection. The results demonstrate that 

lL-12 P70 production was significantly enhanced at day 14 in the mice that had received 

the wild type bacteria, when compared to those that had received the mutant devoid of
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FHA (Fig. 3.2A). This elevated IL-12 P70 production was only observed at day 14 and 

no significant differences between mice immunized with wild type or FHA' mutant 

bacteria were observed at any other time point examined. In addition, IL-4 production 

was significantly higher at day 14 in mice infected with wild type bacteria compared to 

those infected with the FHA' mutant (Fig. 3.2B).

Lungs from groups o f  four mice were dissected and homogenised at selected time points 

post infection. Supernatants were collected and cytokine production was assessed by 

specific immunoassay. IL-12 P70 production was elevated in mice infected with wild 

type bacteria compared to the FHA' mutant (Fig. 3.2C). In contrast, IFN-y concentrations 

were low and did not differ significantly between mice infected with FHA' mutant 

bacteria or wild type bacteria (Fig. 3.2D).

Chem okine responses in the supernatants o f  neat lung hom ogenate revealed similar levels 

o f  RANTES production in mice infected with FHA' and wild type bacteria throughout the 

early stages o f  infection. However, a significantly lower response was observed in mice 

infected with FHA' mutant at day 28 when the infection was resolved in the host (Fig. 

3.3C). In addition, significantly lower MCP-1 production was observed in mice infected 

with BPM 409 compared to wild type bacteria, suggesting that a significant 

monocyte/m acrophage infiltrate may occur early during infection to help resolve the 

disease (Fig. 3.3B). In addition, MIP-2 was lower during acute infection in mice infected 

with BPM 409 compared with BP 338 which suggests that regulated recruitment o f 

leukocytes into the infiammatory foci are important events during acute infection (Fig. 

3.3A).
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3.2.3 Cellular infiltration and cell surface marker expression in the lungs and lymph 

nodes of BALB/c mice infected with BP 338 or BPM  409

An examination of the course of infection revealed a marked reduction in bacterial load 

in BALB/c mice receiving the mutant bacteria when compared to the wild type control 

(Fig. 3.1). Factors affecting this bacterial clearance appear to occur early during the 

infection process. Since differences in infiltrating kinetics during the acute phase of 

infection may explain enhanced clearance in the absence o f FHA, a study was performed 

to investigate the characteristics o f the cellular infiltrate in the lungs o f mice challenged 

with BP 338 or BPM 409. Cellular infiltration was analysed by microscopic examination 

o f cytospin preparations of cells recovered from alveolar lavage. Significantly lower 

numbers o f macrophage/DC were recovered from BAL fluid and TN o f mice infected 

with wild type and FHA' mutant bacteria 3 hours post challenge compared with naive 

mice (Fig. 3.4A, Fig. 3.4B). In addition, significantly lower numbers o f macrophage/DC 

were recovered from BAL fluid o f mice that had received the mutant compared to those 

receiving the wild type bacterial strain (Fig. 3.4). This finding is consistent with the 

reduced levels of MCP-2 and MIP-2 observed in the neat lung homogenate o f mice 

infected with the FHA' mutant bacterium (Fig.3.3). A detectable neutrophil infiltration 

was not observed by day 3, but may be present at a later time point. Similar studies have 

demonstrated that neutrophil recruitment is usually acute and transient in response to B. 

pertussis infection, with a detectable neutrophil infiltrate being observed from day 3 

onwards. Lymphocytes were only detected 3 days post challenge in the BAL fluid of 

mice that received the mutant bacteria devoid o f FHA.
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Phenotypic analysis o f  BAL cells demonstrated a rapid infiltration o f  immune 

cells into the lung o f  both BP 338 and BPM 409 infected mice up to three days post 

infection when compared with the naive lung (Fig. 3.6A). Enhanced expression o f  the co

stim ulatory molecule, CD40 and reduced expression o f  the DC maturation marker, CCR5 

was observed on BAL cells from mice infected with the FHA' mutant when compared 

w ith wild type bacteria (Fig. 3.6A). This m ight suggest that FHA suppresses host 

immunity by altering DC/macrophage function resulting in a suppressed immune 

response that is less effective in resolving pertussis infection. However, the expression o f  

other co-stimulatory molecules, such as MHC class II, was un-altered and CD80 and 

CD86 expression appeared to be increased in the presence o f  FHA (Fig. 3.6A).

The cellular infiltrate o f  the TN during the acute phase o f  pertussis infection 

demonstrated a dram atic difference in macrophage/DC kinetics in comparison to those 

observed in the lung BAL fluid (Fig. 3.5). Significantly lower numbers o f 

m acrophage/DC were recovered from the TN o f  mice infected with wild type and FHA' 

mutant bacteria 3 hours post challenge compared with naive mice (Fig. 3.4A, Fig. 3.4B). 

Significantly higher numbers o f  macrophages/DC were recovered from the TN o f  mice 

infected with the mutant bacteria at day 3, when compared with wild type bacteria, (Fig. 

3.6B). A neutrophil infiltration is not observed in either group, however, lymphocytes are 

recruited to the TN by day-1 in both FHA' mutant and wild type infected mice (Fig. 3.6). 

Interestingly, the lymphocyte infiltration observed in mice infected with BP 338 is 

undetectable by day 3, but is still observed in the TN o f  the BPM 409 infected mice. Cell 

surface m arker expression did not appear to be affected by the presence o f  FHA 24h post 

challenge (Fig. 3.6B). However, a significant decrease in cell surface marker expression
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was observed in the TN o f mice infected with the FHA' mutant bacteria when compared 

with mice infected with the wild type control (Fig. 3.6B). This finding is consistent with 

the reduced cell numbers observed in the cytospin preparations o f FHA' mutant infected 

TN (Fig. 3.5C) and may suggest that FHA alters the migration o f immune cells from the 

nodes during infection, preventing the dissemination o f the immune response. However, 

data may simply reflect a reduced bacterial burden and therefore reduced infiltration of 

cells in the lungs.

3.2.4 B. pertussis-^i^tc.\fic cytokine responses in the lungs and lymph nodes of 

HALB/c mice infected with BP 338 or BPM 409

Superficial lymph nodes (SCN), TN and lungs from groups o f four mice infected with B. 

pertussis 338 or the FHA' mutant, BPM 409,were recovered at selected time points post 

challenge. T cells were isolated from lungs (IxloV m l) and irradiated APC were added 

(IxlO^/ml). Lung T cells and lymph node cells (IxIoVm l) were stimulated with heat 

inactivated BP 338 for three days and cytokine production in the supernatant was 

measured by specific immunoassay. No lL-4 or IFN-y responses were observed in 

antigen stimulated lymph nodes (Fig. 3.7A, B) and IL-5 production was only detected in 

the SCN o f mice infected with wild type bacteria during the convalescent stage of 

infection (Fig. 3.7C). IFN-y responses were only detectable in the lungs o f mice that had 

been infected with the FHA' mutant bacteria (Fig. 3.7A). In addition, reduced IL-4 and 

lL-5 responses were observed in the lung o f mice infected with BPM 409 compared to 

those infected with BP 338 (Fig. 3.7B, C).
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3.2.5 B. pertussis-speQ\f\c cytokine responses in the spleen of BALB/c mice infected 

with BP 338 or BPM 409

Spleens were isolated at selected time points post infection from groups o f four mice 

infected with wild type B. pertussis or the FHA' mutant. Spleen cells (2xl0^/ml) were 

stimulated with heat inactivated BP 338 or BPM 409 for three days. B. pertussis specific 

IFN-y responses were significantly higher on day 21 and 28 in mice that had received 

wild type bacteria compared to the FHA' mutant (Fig. 3.8). Reduced IL-4 responses were 

observed during the acute and convalescent phases o f infection in mice infected with 

IBPM 409 compared with BP 338. IL-5 responses developed later during the course of 

infection, with an elevated response observed in mice infected with the wild type B. 

pertussis strain (Fig. 3.8).

3.2.6 Serum IgG isotype and lung IgA responses in BALB/c mice infected with BP 

338 and BPM 409

Serum IgG isotype responses were determined 28 days post infection in mice infected 

with wild type and FHA' mutant B. pertussis. Elevated IgG2a and IgG2b antibody 

production was detected in sera from mice infected with FHA' mutant and wild type 

bacteria (Fig. 3.9A). These IgG isotypes are primarily associated with Thl responses. A 

significantly lower IgGl and IgG2a response was observed in the mice that had received 

the FHA' mutant bacteria compared to those that had received the wild type bacteria and 

is consistent with the reduced IFN-y responses observed in mice challenged with the 

mutant B. pertussis strain. There were no significant differences in IgG2b or IgG3 

production in either mice infected with FHA- mutant or wild type B. pertussis. The IgA
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response was determined by assaying neat lung homogenates at selected time points post 

infection. IgA was detected from day 21 onwards in mice infected with BP 338, but was 

undetectable in the FHA' mutant (Fig. 3.9B).

3.2.7 Differential attachment of BP 338 and BPM 409 to RAW and J774 

macrophages, the DC 2.1 cell line and the human NCI-H292 epithelial cell line.

The rate o f attachment o f live B. pertussis to a macrophage, DC and epithelial cell line 

was assessed in order to determine if the loss o f FHA greatly reduced host cell 

colonisation. The results indicate that loss o f FHA does reduce bacterial attachment to 

both RAW (Fig. 3.10A) and J774 macrophages and the DC 2.1 cell line (Fig. 3.11). 

However, attachment rates do not differ significantly between the two bacterial strains. 

Moreover, the addition o f anti-FHA antibody to BP 338 does not significantly reduce 

attachment o f the wild type bacterium to RAW macrophages (Fig. 3.1 OB). However, 

binding to the NCI-H292 human epithelial cell line demonstrated a dramatic reduction in 

cellular adherence in the absence of FHA (Fig. 3.11). These findings suggest that FHA is 

necessary for epithelial cell adherence, but not as vital for adherence to macrophage or 

DC.

102



3.3 Discussion

It is well documented that convalescence from B. pertussis infection induces a systemic 

and local Thl type response and is associated with a significant rise in circulating and 

secretory antibody production (Mills et al., 1993, Ryan et al., 1997). In addition, 

immunization with the Pw vaccine also selectively primes Thl cells in mice and in 

children (Redhead et al., 1993, Ryan et al., 1998). In contrast, immunization with Pa 

induces Th2 type responses in mice and Thl/Th2 responses in children (Ryan et al., 

1998, Ausiello et al., 1997). It has been demonstrated that these new acellular vaccines 

induce potent IgG responses but do not induce secretory IgA (Redhead et al., 1993, 

Greco et al., 1996).

Compartmentalisation o f the immune responses has been observed in response to 

pertussis infection and delayed or modified responses have been observed in the lungs of 

infected mice compared to those observed systemically (Me Quirk et al., 2002, Me Guirk 

et al., 1998). In addition, it has been demonstrated that delayed immune responses during 

the acute phase o f pertussis infection may result from the modulatory effects of bacterial 

components that may enhance bacterial survival. It has been demonstrated that FHA is a 

potent inducer o f lL-10 production by DC and macrophage in vitro. This anti

inflammatory cytokine is capable o f down regulating pro-inflammatory responses and has 

been implicated as a potential modulator o f host immunity during B. pertussis infection. 

In addition, our laboratory has recently demonstrated the induction o f FHA-specific T 

regulatory type 1 (T rl) cells in the lungs o f B. pertussis infected mice during the acute 

phase o f infection. These Trl cells produced significant amounts o f IL-10 and suppress 

protective Thl responses in the host (Me Guirk et al., 2002). This finding may in part
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explain the protracted course o f infection observed during the acute phase o f infection 

with B. pertussis and provides an additional insight into the mechanisms employed by 

this respiratory pathogen to circumvent protective immune responses.

Several studies have demonstrated that FHA binds the CR3 (CD 1 lb/CD 18) 

receptor expressed on macrophages and other cell types, resuhing in inhibition o f IL-12 

production and subsequent bacterial internalisation and persistence (Reiman et al., 1990). 

More recent studies have demonstrated that FHA mediated ligation o f the LRl/IAP 

(CD45/CD61) complex on macrophages/monocytes results in up-regulated CR3 binding. 

These findings suggest that B. pertussis may exploit host signalling pathway in order to 

enhance its intracellular uptake and evade immune defence mechanisms (Ishibashi et al., 

2002, Ishibashi et al., 2001). In addition, the recent finding that FHA may interfere with 

immune responses by promoting apoptosis in bronchial epithelial cells and macrophages, 

supports a role for FHA in immunomodulation o f host immune defences (Abramson et 

o/.,2001).

This study has utilised a mutant B. pertussis bacterium devoid o f FHA in order to 

ascertain if FHA contributes to modulation o f innate and adaptive immune responses 

during natural infection. Interestingly, the data generated indicates that FHA does not 

suppress the innate inflammatory response or Thl responses during natural infection. In 

fact, systemic immune responses appear to be reduced in the absence o f this potential 

immunomodulatory molecule. The kinetics o f bacterial uptake and proliferation in the 

lung o f mice challenged with both strains o f bacteria indicate that the FHA' mutant is 

cleared more rapidly compared with the wild type bacteria. A significantly reduced
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bacterial burden is observed during the acute phase o f infection in mice challenged with 

the mutant B. pertussis strain and complete clearance is observed by day 21 (Fig. 3.1).

FHA has been described as the primary adhesion molecule required for 

B. pertussis host colonisation (van den Berg et ah, 1999). However, the absence o f FHA 

does not appear to greatly alter binding o f bacteria to macrophages and DC in vitro (Fig. 

3.10, Fig 3.11). In contrast, results from this study (Fig. 3.11C) and previous studies have 

demonstrated that FHA expression is vital in lung colonisation (van den Berg et al., 

1999). However, its appears to play a lesser role in initial colonisation o f the respiratory 

tract. It has been shown that both fimbriae and FHA are involved in the adherence o f B. 

pertussis to laryngeal epithelial cells but that FHA alone is involved in adherence o f these 

bacteria to bronchial epithelial cells lines in vitro (van den Berg et al., 1999). Studies 

investigating the binding capacities o f B. pertussis during infection have demonstrated 

that the respiratory tract can serve as a bacterial reservoir that can re-colonise the lung 

even after bacteria have been cleared from the lung (Cotter et al., 1998). Conflicting 

findings regarding the role o f FHA in murine respiratory cell colonisation, probably 

reflects not only the absence o f a natural animal host (apart from humans), but the 

complexity o f this molecule and its associated biological activities. In addition, the 

majority o f binding studies are performed in vitro and do not address the possibility that 

in the absence o f FHA, other adhesion factors may become more prominent in 

colonisation during natural infection. B. pertussis expresses a number o f virulence 

factors, at least four o f which (FHA, fimbriae, pertactin, and PTX) have been shown to 

mediate attachment to a variety of mammalian cells and cell lines, making it difficult to 

elucidate the precise roles o f the individual adhesins, as many may serve similar.
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overlapping, or redundant functions in the colonisation o f the respiratory tract by B. 

pertussis. The bacterial clearance kinetics from this study suggest that the mutant B. 

pertussis strain is taken up and proliferates within the lung 3 hours post challenge (Fig. 

3.1), suggesting that difference in clearance do not result from enhanced expulsion o f the 

mutant due to loss o f a primary adhesion molecule. In addition, the detection o f specific 

cytokine responses to the mutant bacterium during the convalescent phases o f infection 

further support the theory that this FHA' mutant strain is present and proliferating within 

the lung of the infected mice.

Studies have suggested that FHA inhibits lL-12 and may therefore suppress Thl 

responses in the host (Me Guirk et al., 1998, Me Guirk et al., 2002). Analysis o f systemic 

T cell responses, by testing antigen-specific cytokine production by spleen cells, showed 

IFN-y production was significantly stronger in mice infected with the wild type bacterium 

(Fig. 3.8). Reduced systemic Th2 type cytokine production was also observed in mice 

infected with the B. pertussis FHA' mutant strain. Although this may suggest that FHA 

may actually enhance both Thl and Th2 type responses, it most probably reflects a lower 

antigen exposure in mice infected with the FHA' mutant bacteria (Fig. 3.8). Analysis of 

the local immune response in mice challenged with BP 338 indicated that IL-12 P70 was 

significantly elevated in the lungs 14 days after infection with wild type bacteria (Fig 

3.2A), while the responses were unaltered in mice that received the FHA’ mutant 

bacterium. Interestingly this increase o f IL-12 P70 in the lungs at day 14 did not result in 

the induction o f IFN-y production by lung T cells and IFN-y production was only present 

in the lungs o f mice challenged with the mutant bacterium. This may indicate that FHA is 

incapable o f altering the systemic Thl immune response, but that in the unique
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environm ent o f  the lung modulation may occur. No antigen-specific IFN-y production 

was observed in the TN o f  mice infected with wild type or FHA' mutant bacteria (Fig. 

3.7A). However, analysis o f  Th2 cytokine responses indicated that both lL-4 and lL-5 

production was elevated in the lungs o f  mice challenged with the wild type bacterium 

during the acute phase o f  infection (Fig. 3.7). These results may indicate that the infected 

host is incapable o f  mounting a significant local pro-inflamm atory response and that this 

hypo-responsiveness may be necessary to ensure that significant pathology does not arise 

from a heightened inflammatory process that may result in loss o f  normal lung function.

Chemokines play a pivotal role in recruiting inflammatory cells into tissues in 

response to infection and inflammation. These chemoattractants are also important in co

ordinating the movement o f  T cells, B cells and DC necessary to generate an immune 

response (Luster, 1999). Reduced M lP-2 and MCP-2 was observed in the BAL fluid o f 

mice challenged with the FHA' mutant compared to those that received wild type B. 

pertussis  (Fig. 3.3). These finding correlate with the reduced Th2 type responses 

observed in the lung o f  FHA" mutant infected mice (Fig. 3.2, Fig. 3.7) and the reduced 

lung macrophage/DC infiltration observed during the acute phase o f  infection (Fig. 3.4, 

Fig. 3.5). In contrast, a phenotypic analysis o f  infiltrating immune cells demonstrated an 

enhanced influx o f  CD40 positive cells into the lungs o f  mice infected with the FHA' 

mutant 3 days post infection when compared with mice infected with wild type bacteria 

(MFI 180.65 vs 62.00). In addition, CCR5 expression was reduced on cells isolated from 

the BAL fluid o f  mice challenged with the FHA' mutant 24 hr post infection (MFI 15.83 

vs 21.94) (Fig. 3.6). Taken together these findings might suggest that FHA m odulates the 

maturation o f  innate immune cells in the lung during the acute phase o f  infection which

107



may affect the initiation o f a protective immune response in the host. Surprisingly, no 

differences were observed in the expression o f MHC class II, CD80 or CD86 on cells 

isolated from the BAL fluid o f mice infected with the FHA' mutant when compared with 

mice infected with the wild type B. pertussis strain. An examination o f anti-viral immune 

responses in a murine model o f influenza infection have demonstrated that the T cell 

stimulatory capacity o f murine lung DC in vitro is almost exclusively dependant on the 

expression o f CD80, whereas CD86 expression may play a secondary role in T cell 

activation. (Lumsden et a i ,  1999). In contrast, our laboratory has previously 

demonstrated that stimulation o f BMDC for 24 hr with FHA significantly enhanced 

CD86, moderately enhanced CD 40 and only had a marginal effect on MHC class II 

expression in vitro (Me Guirk et al., 2002), suggesting that FHA may behave differently 

during natural infection. Different kinetics o f cellular infiltration and significantly 

reduced expression of all surface markers were observed on cells isolated from the TN of 

mice infected with the FHA' mutant when compared with the wild type control three days 

post infection (Fig. 3.68). This finding may support the theory that FHA modulates the 

migration and maturation o f immune cells during infection and may affect the 

dissemination of activated immune cells during acute pertussis infection.

Differences in antibody function have been shown to depend on the isotype, the 

cognate antigen and even the epitope on that antigen (Netski et al., 2002). Analysis of 

circulating B. pertussis-lgG  subtype at day 28 post infection, revealed significantly lower 

levels o f IgG I and IgG2a in mice infected with the mutant bacteria (Fig. 3.9). However, 

the Thl associated IgG subclasses, IgG2a and IgG2b, were the dominant Ab subclass in 

mice infected with B. pertussis 338 or the FHA' mutant strain. This is consistent with
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previous reports demonstrating that B. pertussis infection preferentially primes IgG2a 

antibody production in Thl responses and shows that this response is not affected by the 

absence o f FHA. The detection o f secretory IgA during convalescence is an important 

assay utilised in the confirmation of recent B. pertussis infection (Poynten at al., 2002). 

The induction of IgA post infection may contribute to protection in the host (Giammanco 

et al., 1997). IgA is generally believed to function by neutralizing and agglutinating 

pathogens or by preventing their attachment to mucosal surfaces (Hellwig et al., 2001). 

This study demonstrates a significant IgA induction post infection with wild type 

bacteria. Interestingly no IgA was detected in the lungs o f mice infected with the mutant 

bacteria devoid o f FHA. Studies have demonstrated vigorous IgA responses to FHA in 

convalescent-phase serum of patients immunized with the Pa vaccine (Giammanco et al., 

1997). These results indicate that FHA may be necessary for the induction of secretory 

IgA during pertussis infection, alternatively it may reflect lower bacterial load in these 

mice. Antibody class switching to IgA is influenced by IL-10 and future analysis of IL-10 

production in mice infected with BP 338 or BPM 409 during the convalescent phase o f 

infection may explain differences in IgA production. The prototypic IgA receptor (FcaRI 

(CD 89) is found exclusively on cells o f the myeloid lineage: monocytes, macrophages 

and neutrophils (Kerr et al., 2000, Mazengera et al., 1990). Studies suggest that cross- 

linking o f this receptor results in the induction o f a potent inflammatory response 

accompanied by enhanced phagocytosis and the release o f pro-inflammatory cytokines 

(van Spriel et al., 2001). Interestingly, CR3, the PMN complement receptor and putative 

FHA ligand has been identified as an accessory molecule for FcaR binding o f IgA (van 

Spriel et al., 2001). These factors may in part explain the enhanced inflammatory
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cytokine production observed in mice infected with wild type B. pertussis when 

compared with those infected with the FHA' mutant bacteria. In addition, enhanced 

bacterial uptake via phagocytosis may represent a mechanism by which the bacterium 

evades host immune mechanisms, resulting in intracellular survival and persistence.

The findings from this study indicate that FHA does not suppress inflammatory 

Thl responses during natural infection. However, the differences observed in bacterial 

binding kinetics during natural infection and the enhanced protracted bacterial load 

observed in the lungs o f the wild type mice may account for the elevated Thl and Th2 

type responses observed during infection. Moreover, the growth kinetics o f the mutant 

bacterium may differ to those o f the wild type bacterium in vivo and this factor may 

influence the immune responses observed. Cel 1-bacterium binding assays did not 

demonstrate reduced adherence to macrophage and DC cell lines in vitro and anti-FHA 

antibody did not appear to significantly alter binding o f wild type B. pertussis to APC. 

However, significant differences in binding to lung epithelial cells in the absence o f FHA 

may be responsible for the enhanced clearance in mice challenged with the mutant 

bacteria.

Taken together these findings suggest that the absence o f FHA does not significantly 

enhance systemic immune responses during natural infection. The lack o f modulatory 

infiuence by removing FHA may be due to the presence o f large quantities o f bacterial 

LPS which enhances infiammatory cytokines and Thl responses. However, there is some 

evidence to suggest that FHA modulates immune responses in the lung, suggesting a 

compartmentalisation o f the immune response during pertussis. These findings do not out 

rule the possibility that FHA may modulate immune responses. However, the

1 1 0



immunomodulatory capacity o f FHA may be affected by the myriad o f B. pertussis 

antigens present during natural infection.
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Fig. 3.1 A protracted course o f infection in BALB/c mice infected with wild type B. pertussis (BP 

338) when compared with the mutant bacteria devoid o f FHA (BPM 409).

BALB/c mice were infected by aerosol challenge with either BP 338 or BPM 409. Mice were 

sacrificed at selected time points and the numbers o f viable bacteria per lung were quantified. 

Results are reported as the mean number o f colony forming units (CFU) (+/- SE) for individual 

lungs isolated from four mice per experimental group, at each time point. * * *  <p0.001 wild type 

vs FHA' mutant.
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Fig 3.2 Reduced cytokine responses in the lungs o f  BALB/c mice infected with the FHA' 

mutant compared to the wild type bacteria. BALB/c mice were challenged with BP 338 

o r BPM 409.

The BAL fluid was collected from groups o f four mice at selected time points post 

infection. The BAL fluid was concentrated using a Centricon centrifugation column. IL- 

12 P70 and IL-4 was measured in the BAL fluid by specific immunoassay (A, B). Lungs 

were isolated at selected time points post infection. Lungs were homogenised and 

centrifuged at 1200rpm for 5 min and the supernatant was collected. IL-12 P70 and IFN-y 

production in supernatants o f  the neat lung homogenate were determined by specific 

immunoassay (C, D). Cytokine concentrations represent means (+/- SE) for four mice per 

experiment group. *** p<0.001.
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Fig 3.3 Reduced MIP-2, MCP-1 and RANTES production in the lungs o f BALB/c mice 

challenged with the FHA' mutant.

BALB/c mice were challenged with BP 338 or BPM 409. A t selected time points lungs 

were dissected from challenged mice and homogenised. Suspensions were centrifuged and 

the supernatant was collected. Chemokine production in neat lung homogenates was 

determined by specific immunoassay. Results represent the mean results (+/- SE) from 

lungs isolated from four mice per experimental group, at each time point. * p <0.05, * * *  p 

<0.001 wild-type vs FHA- mutant
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Fig 3.4 Reduced macrophage infiltration is observed in the BAL fluid o f mice challenged 

with BPM 409 compared to BP 338.

BALB/c mice were challenged with BP 338 or BPM 409 and BAL fluid was collected at 

selected time points. The cell composition was studied during the course o f infection by 

microscopic examination o f Romanowsky stained cytospin preparations. Results represent 

mean counts (+/- SE) from three microscopic fields o f view from the pooled BAL fluid o f 

three mice per experimental group, at each time point. * **  p <0.001.
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Fig 3.5 Cellular infiltration in the TN o f BALB/c mice infected with BP 338 or BPM 409. 

BALB/c mice were challenged with BP 338 or BPM 409 and TN were isolated at selected time 

points post challenge. TN from three mice were poled and homogenised and single cell 

suspensions were obtained. Differential cell counts were performed as outlined in the legend o f 

Fig. 3.4. Results represent mean counts (+/- SE) for three microscopic fields o f view, from three 

mice per experimental group, at each time point. * * *  p <0.001.
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Fig. 3.6 Surface marker expression on BAL and TN ceils isolated from mice infected 

with B. pertussis strain 338 or the FHA' mutant.

BALB/c mice were infected by aerosol challenge with either BP 338 or BPM 409. The 

BAL fluid and thoracic nodes were collected from groups o f four mice at 3 h and 24 h 

post infection. Immunofluorescence analysis was performed for CD40, CCR5, MHC 

class 11, CD80, CD86 and CDl Ic (grey histogram) or isotype-matched control antibodies 

(black line). Profiles are shown for a single experiment, and are representative o f pooled 

BAL fluid or thoracic nodes from four mice at each time point. Values represent the 

geometric mean fluorescence intensity (MFI).



RE
LA

TI
V

E 
CE

LL
 

N
U

M
B

ER

Fig. 3.6 BAL FLUID DAY 1 DAY 3
▲

NAIVE BP 338 BPM 409 BP 338 BPM 409

49.35

(M l cmt out

180.65

10® 10* i« I® ir  i r  0® 10* lo® 10
CXiO C1M«

COB
1?

CCB5

39.09

10” 10 10 10 U 10cats cae cots

inf ic'l 1®M M C d s i .n

26.94

10" 10* ic" lO'
M HCdufD M H C duin

10“ 1C'
M H C clu<n

12.20

10“ 10 aso CD80
10” 10* 10"   10*

CD80 C3R0
10® 10 

CD80

10" ic* W’ 10’0B6
10 (3R6 10* 10® C3)$(

20.35

"" I  " " f  < 10̂  10* 
CD86

1® 1®  ̂ 10’ cm ic  c i i i c 10 "  10 c m ic
10

33,74

cmi(

20.55

10“  10*  anic

FLOURESCENCE INTENSITY

118



RE
LA

TI
V

E 
CE

LL
 

N
U

M
B

ER

Fig. 3.6 THORACIC NODES

NAIVE BP 338
DAY 1 DAY 3

BPM 409 BP 338 BP409

31.10

am csm

35.72

(OUC

8.92

ic" le’due
10^ ■’ j"j4

ciuo

12.73

CC»5
1C* '' ' ' 1C*cots

16.55

1C* IC*̂  1C '
c c » 5  c c i e

IC" 10’
CCR5

, f , 4IC'’ lO*"
T itH C cU ff n

27.12
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Fig. 3.7 Reduced local antigen-specific IL-4 and IL-5 production and enhanced IFN-y in 

mice infected with the FHA" mutant bacteria.

The SCN and lungs were isolated from mice infected with the FHA' mutant and wild type 

bacteria at selected tim e points post infection. Lymph nodes were pooled and 

homogenised and cells (Ix loV m l) were stimulated with heat inactivated BP 338 

( IxlO^cfu/ml) for three days. Lung T cells were isolated (Ix loV m l) and irradiated APC 

were added (IxlO^/ml). Cells were stimulated with heat inactivated BP 338 and cytokine 

responses in the supernatants were m easured by specific immunoassay. Cytokine 

concentrations represent means (+/- SE) for four mice per experimental group, at each 

time point.
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Fig. 3.8 Reduced B. pertussis specific cytokine responses in the spleen o f BALB/c mice 

challenged with the mutant bacteria devoid of FHA.

BALB/c mice were challenged with BP 338, or the FHA' mutant, BPM 409. Spleens 

were removed at selected time points post challenge. Spleen cells (2xl0Vml) were 

stimulated in vitro with heat inactivated BP 338 and cytokine responses were measured 

by specific immunoassay. Cytokine concentrations represent means (+/- SE) for four 

mice per experiment group at each time point. ** p<0.01.
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Fig. 3.9 Reduced IgG and IgA responses in BALB/c mice infected with BPM 409. 

B. pertussis specific subclasses were determined in the serum o f mice infected with 

BP 338 or BPM 409 28 days post challenge. The IgA response was determined in 

neat lung homogenate at selected time points post challenge. Results represent the 

mean endpoint titre (+/- SE) for four mice, per experimental group, at each time 

point. * * *  p <0.001.
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Fig. 3.10 FHA does not play a major role in adherence o f B. pertussis to macrophages.

A) A comparison o f wild type BP 338 and FHA" mutant, BPM 409, adherence to 

macrophages

B) Effect o f anti-FHA Ab on binding of wild type bacteria to macrophages

Live wild type, BP 338, and mutant bacteria, BPM 409, were labelled with the BacLight 

fluorescent probe. Serial dilutions of labelled bacteria were made and incubated with 

adherent RAW cells at different cell: bacteria ratios for three hours. Cells were washed 

three times with cRPMI to remove non adherent bacteria. Fluorescence intensity was 

measured to indicate relative levels of bacterial: cell attachment. Results represent 

means (+/- SE) for three samples per experimental group.
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Fig. 3.11 Adherence o f  Bordetella pertussis  to the human epithelial cell line is 

significantly reduced in the absence o f  FHA.

Live wild type and mutant bacteria were labelled with the BacLight fluorescent probe. 

Serial dilutions o f  labelled bacteria were made and incubated with J774 macrophages 

(A), the DC 2.1 cell line (B) or the epithelial cell line NCI-H292 (C) at different 

celhbacteria ratios for three hours. Cells were washed three times with cRPM l to remove 

non-adherent bacteria. Fluorescence intensity was measured to indicate relative levels o f  

bacterial :cell attachment. Results represent means (+/- SE) for three samples per group.
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C h a p t e r  4

A n  I n v e s t i g a t i o n  o f  t h e  a b il t y  o f  F H A  t o  m o d u l a t e

IMMUNE RESPONSES TO CO-INJECTED ANTIGENS



4.1 Introduction

Routine mass immunization has dramatically reduced the incidence o f infant mortality 

and morbidity. However, efforts continue word-wide to broaden the spectrum o f available 

multi-component vaccines that will simultaneously provide long lasting host protection 

against a wide range o f pathogens. The triple DTP vaccine consisting o f tetanus, 

diphtheria toxoid and whole cell pertussis' (DipTet-Pw) has been routinely used since the 

1950’s and is effective in conferring protection against whooping cough, tetanus and 

diphtheria (Lambert et al., 1965, Hinman et al., 1984, Miller et al., 1982). In addition, 

reduced incidences o f Hib infection are observed in children co-immunized with multi- 

component vaccines and a Haemophilus influenae type b (Hib) vaccine (Ribeiro et al., 

2003, Peltola et al., 2000, Insel et al., 1986). However, the reactogenecity o f the Pw 

component and its possible association with the induction o f neurological complications 

in certain recipients (Barkin et al., 1979, Cody et al., 1981, Mortimer et al., 1984) has 

resulted in the development o f acellular DTP vaccines (DipTet-Pa) that contain purified 

soluble bacterial antigens, which also confer adequate protection in the host (Sato et al., 

1984, Kimura et al., 1991, Aoyama et al., 1988, Mortimer et al., 1990). The development 

o f multi-component vaccines has permitted universal immunization against a wide range 

o f diseases (Table. 4.1) and as a result the incidence o f diphtheria, Hib, measles, mumps, 

pertussis, poliomyelitis, rubella and tetanus infection have been greatly reduced.

Diphtheria is a contagious, airborne infection that is primarily associated with 

poor socio-economic conditions and occurs most frequently in un-immunized or partially 

immunized individuals. This bacterial disease induces both systemic and local pathology 

and many of the clinical symptoms result from the release o f the potent diphtheria toxin
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from lysogenised strains o f Corynebacterium diphtheria. Diphtheria bacilli multiply in 

the respiratory mucosa o f the host, releasing a potent exotoxin that results in necrosis o f 

the surrounding tissue. Although diphtheria infection tends to remain localised to the 

upper respiratory tract, serious often life-threatening complications may result from the 

release and dissemination of the toxin. Vaccines containing toxoids induce the production 

o f neutralising antibodies that are highly protective in both humans and mice and 

adequate immunization with Dt is thought to confer protection for at least 10 years 

(Jackson et al., 2001, Khalil et al., 2000). However, since Dt does not prevent 

colonisation and carriage o f C. diphtheria in the pharynx or on the skin, continued routine 

booster immunization is necessary.

Tetanus is an acute and often fatal disease caused by the release o f a potent 

neurotoxin produced by the bacteria Clostridium tetani. C. tetanai spores are ubiquitous 

in the environment and normally contaminate the host via puncture wounds, lacerations, 

abrasions, or burns. C. tetani spores germinate under anaerobic conditions and release a 

potent toxin that disseminates via the blood to the lymphatics resulting in both local and 

systemic pathology (Alpar et al., 2001). In addition, toxin release interferes with motor 

neuron function resulting in muscle spasms and rigidity (Alpar et al., 2001). Elderly 

adults with inadequate immunization against tetanus have been identified as a high risk 

category for disease development. However, mass immunization o f recipients with 

detoxified tetanus toxin (Tt) has greatly reduced mortality and the incidence of tetanus 

worldwide (Duff et al., 1999).

H. influenzae type b is a leading cause o f invasive diseases including meningitis, 

septicaemia, pneumonia, arthritis and epiglottitis. The bacterium infects the host via the
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upper respiratory tract and has been isolated from throat cultures o f healthy individuals. 

In certain instances o f Hib carriage, the bacterium may enter the bloodstream and spread 

to distant sites resulting in invasive disease, o f which acute meningitis is the most 

prevalent. However, the incidences o f Hib meningitis has dramatically decreased since 

the introduction o f Hib immunization (Ribeiro et al., 2003). The majority o f invasive 

Haemophilus diseases in children are caused by organisms expressing the type b 

polysaccharide (PS) capsule (Eskola et al., 1996). The Hib capsular polysaccharide is a 

major virulence factor and antibodies against the polysaccharide fix complement to the 

bacterial surface and are protective in both humans and animals (Mond et al., 1995, Stein 

e ta l ,  1992).

Most vaccine components are protein in nature and induce B lymphocytes to 

produce antibody aided by thymus derived Th cells. Antigens stimulating this type of 

response are referred to as thymus-dependant (TD) antigens and induce long lasting 

responses in young infants. However, capsular PS are T-independent (Tl) type 2 antigens 

that stimulate B cells without help from Th cells, no affinity maturation and do not induce 

immunological memory (Mond et al., 1995, Stein et al., 1992). In addition, PS induce 

isotype restricted antibodies that are primarily of the IgG3 subtype in mice (Perlmutter et 

al., 1978) and IgG2 subtype in humans (Barrett et al., 1986, Hammarstrom et al., 1986) 

and studies have demonstrated that anti-PS antibodies are poorly protective in young 

children (Douglas et al., 1983). However, chemical linkage o f the Heamophilus type b PS 

or smaller oligosaccharides to protein carriers such as Tt, is thought to convert the TI 

saccharide to a TD antigen requiring T cell help (Eskola, 2000). Covalent linkage o f PS 

to Tt results in an enhanced, protective antibody responses to the PS moiety (Ribeiro et
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al., 2003), that is predominately o f  the IgGl isotype in both mice and humans (Vidarsson 

et al., 1998, Rodriguez et al., 1998). Successful developm ent o f  Hib conjugate vaccines 

and their incorporation into routine immunization programmes has resulted in a dramatic 

reduction in the number o f  reported cases o f  invasive Hib diseases (CDC, 1990-1998).

Although these combination vaccines are efficient in conferring host protection, 

there is a growing body o f evidence suggesting the level o f  protection afforded, may 

decline with increasing numbers o f  vaccine components. This phenomenon is often 

referred to as interference in the vaccine field (Daum et al., 2001), but several 

investigators believe that reduced protection may result from modulation o f  immune 

responses by molecules o f  combination vaccines. FHA is present as a purified component 

o f  the Pa vaccine that is incorporated into the tri-com ponent DipTet-Pa vaccine. Several 

investigators believe that B. pertussis virulence factors, including FHA, may suppress 

protective immune responses (M cGuirk et al., 2002, Bell et al., 1998, Bell et al., 1999a, 

Bell et al., 1999b, Blumberg et al., 1990). In addition, certain studies have demonstrated 

that reduced Hib and poliovirus (Polio) antibody responses are observed when the DipTet 

vaccine is co-administered with Pa, Hib and Polio combination vaccines (Rennels et al., 

2000, Lee et al., 1999). Reduced antibody responses to diphtheria have also been 

observed when Pa replaced the Pw component (Canthaboo et al., 2001, M iller et al., 

1997, Finn et al., 2000). It has also been demonstrated that DipTet-Pa administration 

modulated immune response to respiratory syncitial virus (RSV). However, the 

investigators assumed this modulation may have resulted from the presence o f  detoxified 

PT (Fischer e /a /., 1999).
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The objective o f  this chapter was to investigate the ability o f  FHA to 

modulate immune responses to co-injected antigens. Mice were immunized with 

DipTet or DipTet-Hib vaccines in the presence o f  purified FHA, Pa or Pw and 

cytokine and antibody responses were analysed.
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AGE IMMUNIZATION

Birth-1 month BCG

2 months DTPa/lPV/Hib/MenC

4 months DTPa/IPV/Hib/MenC

6 months DTPa/IPV/Hib/MenC

12-15 months MMR, Hib

4-5 years DTPa/IPV/MMR

11-12 years MMR (omit if 2 previous doses)

10-14 years BCG (interval of 4 weeks post MMR)

11-14 years Td

BCG- Bacille Calmette Guerin vaccine

DTP-diphtheria, tetanus, acellular pertussis tri-component vaccine

IPV- injectable inactivated polio vaccine

Hib- Haenophilus influenza type b vaccine

MMR- measles, mumps rubella vaccine

Td- Tetanus toxoid plus adult diphtheria toxoid

Men C- Meningitis C

Table 4,1 Recommended childhood vaccination schedule- Ireland 2002.

Vaccines are listed under the routinely recommended ages. Reproduced from 

Immunization Guidelines for Ireland. Immunization Advisory Committee, Royal College 

o f Surgeons, Guidelines Version 2, 2002.
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4.2 Results

4.2.1 Effect of pertussis vaccines or FHA on Dt-specific cytokine production by 

spleen cells from BALB/c mice co-immunized with multi-component vaccines.

Multiple factors are involved in the selective induction o f Thl or Th2 responses 

following vaccination, including the site o f vaccine administration, the physical 

characteristics and potential immunomodulatory activity o f  the individual components. 

Studies were performed in order to determine if co-immunising with B. pertussis antigens 

modified the immune response to a DipTet or a DipTet and Hib vaccine. In the first study 

BALB/c mice were immunized by i.p injection with DipTet alone or with FHA, Pa or Pw 

(DipTet study). In the second study, a H. influenzae type b conjugated polysaccharide 

was incorporated into the multi-component vaccine and mice were immunized by i.p 

injection with DipTet-Hib alone or with FHA, Pa or Pw (DipTet-Hib Study) and a second 

booster vaccination was given two weeks later. Spleen cells were recovered 2 weeks after 

the 2"̂ * booster vaccination and stimulated in vitro with different concentrations o f Dt for 

3 days. Antigen specific cytokine production in the supernatants was determined by 

specific immunoassay. Little or no Dt-specific IFN-y production was detected in antigen- 

stimulated spleen cells from mice immunized with DipTet or DipTet-Hib. Addition o f 

FHA, Pa and Pw increased Dt-specific IFN-y production (Fig. 4.1 A, Fig. 4 .IB) 

suggesting that the inclusion o f B. pertussis antigens may enhance Thl responses to Dt. 

IL-10 was detected in the supernatants o f spleen cells from BALB/c mice immunized 

with PBS. However, significantly elevated levels o f IL-10 were observed in antigen- 

stimulated spleen cells from mice immunized with DipTet, DipTet-FHA and DipTet-Pa 

when compared to control mice immunized with PBS (Fig. 4.1 A). Interestingly, lower
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levels of IL-10 production was observed in mice co-injected with Pw, indicating that the 

Thl response is more polarised in these mice and is consistent with the enhanced IFN-y 

production observed. An assay for lL-10 production was not performed on the 

supernatants o f mice co-immunized with the Hib vaccine.

The production of lL-4 and IL-5 and the absence o f IFN-y in mice immunized with 

DipTet alone suggests that these toxoids induce a polarised Th2 type response in the 

absence o f a B. pertussis component (Fig. 4.1 A). Co-immunization with FHA and Pa 

enhanced the Dt specific lL-5 response (Fig. 4.1 A). Interestingly, inclusion o f the Hib 

vaccine with DipTet resulted in reduced levels o f lL-4 and IL-5 production (Fig. 4 .IB). 

However, the inclusion o f FlIA or Pa enhanced Dt specific IL-4 and lL-5 production, 

suggesting that the inclusion of soluble B. pertussis antigens in multi-component vaccines 

can enhance Th responses to other components. In contrast, significantly reduced IL-5 

production was observed in mice that had received DipTet or DipTet-Hib and Pw (Fig. 

4.1 A, Fig. 4 .IB). These results indicate that including Pw in diphtheria and tetanus 

combination vaccines enhances Dt specific Thl responses, whereas addition of Pa or 

FHA results in a mixed antigen-specific Thl-Th2 response. However, there is also 

evidence to suggest that the inclusion of a Hib vaccine component may interfere with the 

diphtheria specific Th2 response.

4.2.2 Effect of pertussis vaccines or FHA on Tt-specific cytokine production by 

spleen cells from BALB/c mice co-immunized with multi-component vaccines.

Tt specific Th responses were assessed by stimulating spleen cells with different 

concentrations o f Tt in vitro for three days and cytokine production was quantified in the
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supernatants by specific immunoassay. Tt specific IFN-y could not be detected in mice 

that had been immunized with DipTet or DipTet and Hib. However, Tt-specific IFN-y 

production was observed in mice that received DipTet with FHA, Pa or Pw (Fig. 4.2A). 

Interestingly, no IFN-y production was detected in Tt-stimulated spleen cells from mice 

co-immunized with a Hib vaccine (Fig. 4.2B). The Hib vaccine is conjugated to a Tt 

carrier protein that is also capable o f inducing a Th2 biased immune response in the host 

(Fig. 4.3). This increased dose o f Tt may prevent B. pertussis antigens from skewing the 

immune response towards the Thl subtype.

The IL-10 response to Tt in mice immunized with DipTet and B. pertussis antigens could 

not be interpreted due to high levels of this cytokine produced by spleen cells from naive 

mice, this may reflect the activation of innate lL-10 production by the Tt protein. 

However, there was some evidence to suggest that co-immunization with Pa may enhance 

IL-10 production, (Fig. 4.2A), however, this enhancement was not statistically 

significant. lL-5 production was significantly enhanced in mice that received FHA or Pa 

with DipTet and demonstrated a mixed Thl/Th2 response in mice immunized with B. 

pertussis antigens (Fig. 4.2A). The lL-5 response in mice immunized with DipTet and 

Hib could not be interpreted due to high background cytokine levels in the PBS control 

mice (Fig. 4.28). However, a significantly enhanced IL-5 response was observed in 

response to the Hib-Tt conjugate in mice immunized with DipTet-Hib Pa (Fig. 4.3). No 

IL-5, IL-4 or IL-10 was observed in mice immunized with DipTet-Pw and suggests a 

highly polarised Thl response (Fig.4.2A). In contrast, a low but detectable IL-4 response 

was observed in mice immunized with DipTet and Hib and may suggest that Hib can alter 

the outcome of the immune response in vivo (Tig. 4.2B^. Taken together, these findings
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suggest that the inclusion of B. pertussis components shift the immune response towards 

a mixed Thl/Th2 response. Interestingly, the inclusion o f Hib-Tt conjugate abrogates the 

IFN-y response in mice co-immunized with B. pertussis components. Studies have 

documented that Tt induces a Th2 response in vivo, however, no detectable cytokines 

were detected in response to stimulation with Tt in mice immunized with DipTet (Fig. 

4.2A). Interestingly, low but detectable levels o f IL-5 were observed in response to the 

Hib-Tt conjugate in mice immunized with DipTet and Hib, suggesting that the conjugate 

is more immunogenic than the Tt alone (Fig. 4.3).

4.2.3 B. pgr/wss/s-specific cytokine production by spleen cells from BALB/c mice 

immunized with multi-component vaccines.

Cells (IxlO^/ml) were isolated from the spleens o f immunized BALB/c mice and 

stimulated with heat inactivated B. pertussis (IxlO^cfu/ml), PT (5|J.g/ml), FHA (5|ag/ml) 

and PRN (5|ig/ml) for three days in vitro and cytokine production in the supernatants was 

determined by specific immunoassay. High background levels o f IL-10 were observed in 

medium or antigen stimulated cells from control mice, nevertheless, higher IL-10 

production was observed in the supernatants o f B. pertussis antigen stimulated cells from 

mice immunized with Pa or Pw (Fig. 4.4A). In addition, both FHA and PT appear to 

induce IL-10 production in mice immunized with pertussis vaccines (Fig. 4.4A). 

Interestingly, FHA re-stimulation o f cells did not induce IL-5 production in mice 

immunized with DipTet or Dip Tet-Hib and FHA or Pa. In contrast, DipTet-Hib Pa 

immunized mice demonstrated elevated IL-5 production in response to heat killed B. 

pertussis and FHA re-stimulation, suggesting that Hib may interfere with the immune
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response (Fig. 4.4B). However, a direct comparison between both studies can not be 

made due to differences that may result from mice or antigen batch to batch variation. 

Consistent with the above findings, lower concentrations o f IL-5 production were 

observed in antigen-stimulated spleen cells from mice immunized with DipTet-Pw and 

DipTet- Hib Pw, indicating a more polarised Thl response in these mice (Fig. 4.4A, Fig. 

4.4B).

No IL-4 production was detected in mice immunized with DipTet alone or with B. 

pertussis antigens. However, the presence o f Hib appeared to enhance antigen-specific 

lL-4 production in mice co-immunized with Pw (Fig. 4.4B). Both heat inactivated B. 

pertussis and PT induced IFN-y production by spleen cells from mice immunized with 

DipTet-Pa and DipTet-Pw. However, higher antigen-specific IFN-y production was 

observed in mice that have received DipTet-Pw when compared to those that received 

DipTet-Pa vaccines (Fig. 4.4A). Interestingly, elevated IFN-y production was observed in 

all mice co-immunized with a Hib conjugate vaccine, suggesting again that Hib may 

affect antigen specific Thl and Th2 responses in vivo (Fig. 4 .4B /

4.2.4 Serum antibody responses in BALB/c mice immunized with multi-component 

vaccines.

Mice were immunized with the above vaccine combinations and IgG responses to 

individual components o f the multi-valent vaccines were determined by specific 

immunoassay. Significantly enhanced anti-Dt serum IgG responses were observed in 

mice that had been immunized with DipTet and Pw (Fig. 4.5B). Addition o f Pa or FHA 

to DipTet did not enhance anti-Dt or anti-Tt IgG (Fig 4.5A, Fig. 4.5B). Interestingly, the
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addition o f B. pertussis antigens to DipTet and Hib significantly enhanced anti-Dt and 

anti-Tt IgG (Fig. 4.5B). In addition, enhanced anti-Hib IgG responses were also observed 

in mice immunized with DipTet and Hib in the presence o f B. pertussis antigens (Fig. 

4.5B).
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4.3 Discussion

It is well established that protective immunity conferred by immunization with Pw is 

mediated by a Thl response with potent induction o f IFN-y and IL-2 cytokines (Conway 

et al., 2001, Mills et al., 1993a, Mills et al., 1993b, Redhead et al., 1993). In contrast, 

immunization with Pa vaccines that contain purified bacterial antigens absorbed to alum 

initiate Th2 type responses in mice. However, extreme polarisation o f the immune 

response does not occur in human subjects and mixed Thl/Th2 responses have been 

reported using stimulated PBMC from children immunized with the Pa vaccine (Ryan et 

al., 1998). However, this type o f mixed response is still adequate in conferring protection 

against whooping cough. The objective o f this study was to determine if B. pertussis 

antigens could modulate immune responses to Dt, Tt or Hib polysaccharide when co

administered in a combination vaccine and to evaluate the role o f FHA in this 

immunomodulation.

The results o f this study demonstrate that whole cell B. pertussis and its respective 

antigens are capable o f modulating the immune responses against diphtheria, tetanus 

toxoid and Hib polysaccharide when co-administered as a multi-component vaccine. 

Immunization of mice with DipTet without B. pertussis antigens induces a polarised 

systemic Th2 response characterised by high IL-4 and IL-5 production and little or no 

IFN-y. The polarised Dt specific Th2 response in DipTet immunized mice is shifted 

towards a mixed Thl/Th2 response in the presence o f FHA or Pa, whereas the inclusion 

o f Pw enhances Thl responses. These findings are interesting since FHA has been shown 

to induce the production o f regulatory cytokines in vitro that can modulate lL-12 

production, a cytokine necessary for Thl responses (McGuirk et al., 1998). In addition.
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humoral immune responses are altered in the presence o f B. pertussis antigens and 

enhanced anti-Dt IgG production is observed in mice immunized with DipTet and Pw. 

This finding is consistent with recent studies in humans documenting enhanced anti-Dt 

IgG production in persons immunized with DipTet-Pa when compared with DipTet or 

Dip vaccines alone (Bartels et al., 2001). Many studies have demonstrated that the 

inclusion o f Pw in a combination vaccine results in enhanced Thl responses and elevated 

lgG2a production (Arvin et al., 2001, Gans et al., 2001). In addition, significantly lower 

IgE and IgG4 responses (a correlate for Th2 responses in humans) are observed in 

DipTet-Pw immunized children when compared to responses in children given DipTet 

vaccines (Gruber et al., 2001). Whole-cell pertussis vaccines contain several bacterial 

antigens, including LPS that are capable o f stimulating polyclonal B lymphocyte 

responses and activating complement. In addition, results from this study suggest that Pw 

can act as immunological adjuvant for Tt and Dt.

Elevated Dt-specific IL-4 and IL-5 production was observed in spleen cells from 

mice immunized with DipTet (Fig. 4.1 A). However, lower concentrations o f antigen- 

stimulated IL-4 and IL-5 production was observed in spleen cells from mice immunized 

with DipTet and Hib (Fig. 4 .IB). The inclusion o f B. pertussis soluble antigens (FHA, 

Pa) enhanced Th2 responses to Dt and Tt, suggesting that B. pertussis vaccines may 

prevent interference associated with the inclusion o f Hib polysaccharide. In contrast, 

immunization o f mice with DipTet and Hib did not interfere with the anti-Dt and anti-Tt 

humoral immune and significantly enhanced IgG production was observed in mice co

immunized with DipTet-Hib and B. pertussis antigens (Fig. 4.5B). The use o f conjugate 

Hib vaccines has been associated with a marked decrease in the incidence o f invasive Hib

140



disease (Eskola et al., 1996). However, several studies have suggested that the 

immunogenic characteristics of the Hib component are impaired when combined with 

DipTet-Pa (Eskola et al., 1996, Hoppenbrouwers et al., 1997, Zsolway et al., 1997) and is 

the rational for not including a Hib component in multi-componet DipTet-Pa vaccines in 

the US. In contrast, results from this study demonstrate that the addition o f B. pertussis 

components may enhance the immunogenecity o f the Hib component. This is consistent 

with several investigators who have demonstrated higher anti-Hib IgG titres in 

individuals immunized with DipTet-Pa and Hib (Mallet et al., 1996). However, there is 

evidence from this study to suggest that Hib may interfere with the immune response to 

other components o f the multi-component vaccine. The explanation for reduced immune 

responses to individual components of multi-valent vaccines is not known, however, 

interference might be attributed to the presence o f free carrier protein, aluminium 

adjuvant, stabilisers or preservatives (Bell et al., 1998).

The inclusion o f B. pertussis antigens in the vaccine enhanced Tt-specific IFN-y 

production in mice immunized with DipTet and Pw. Elevated IL-5 responses were 

detected in mice immunized with DipTet- FHA and DipTet-Pa providing further evidence 

that the inclusion o f B. pertussis antigens modifies the immune response by enhancing 

cytokine production and shifting the response towards a mixed Thl/Th2 response. The 

polarised Thl response observed in the presence Pw is consistent with studies 

demonstrating that the co-injection of killed whole bacteria, such as B. pertussis or S. 

typhi, modifies the anti-Tt response, shifting it from a Th2 response to a Thl response 

(Castro et ah, 2002). Interestingly, including Hib in the vaccine appears to modify 

cytokine production, resuhing in complete abrogation o f Tt-specific IFN-y production,
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while enhancing IL-4 production in the antigen-stimulated spleen cells from mice 

immunized with DipTet and Hib (Fig. 4.2B). This elevated Th2 response may result from 

the increased dose o f Tt (Tt in the vaccine and as conjugate) and may in part explain the 

reduction in antigen specific IFN-y production. Interestingly, enhanced Tt-specific IgG 

production was observed in mice co-immunized with B. pertussis antigens. However, 

since no IFN-y was detected in mice co-immunized with Hib, these findings may suggest 

that the enhanced IgG response may partially result from a T cell independent 

mechanism.

Studies employing guinea-pig models have demonstrated a reduction in Hib 

antibody responses to a Hib-Tt conjugate when combined with an acellular DipTet-Pa 

vaccine. The Hib antibody responses improved when the Dip-Pa component was given 

without Tt and when Dip-Pa was given with a reduced dose o f Hib-Tt conjugate (Gupta 

et al., 1996). The investigators postulated that carrier specific epitope suppression may be 

responsible for poor responses to the Hib polysaccharide and that this suppression might 

be prevented by modification o f vaccine composition or antigen presentation. These 

modifications may overcome possible competition for help from carrier specific T- 

memory cells, thought to be required for effective responses to conjugate vaccines. 

Future analysis o f the effect o f B. pertussis antigens on modulating immune responses to 

multi-valent vaccine components should utilise a Hib vaccine employing a novel carrier 

protein, that is not a protein component o f current combination vaccines.

The findings in this study are consistent with reports demonstrating that addition 

of Pw to DipTet vaccines enhances Thl responses. Conversely, DipTet-Pa, which 

contains the pertussis antigens, inactivated PT and FHA or DipTet-FHA induces a mixed
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Thl-Th2 response in immunized mice. In addition, it appears that the inclusion o f B. 

pertussis components in combination vaccines containing Hib type b polysaccharide may 

be beneficial and partially restore some o f the cytokine responses affected by the 

presence o f the Hib polysaccharide. Furthermore, the inclusion of B. pertussis 

components in these multi-components vaccines may actually enhance serum IgG and 

may enhance protection in the host.

Taken together these findings suggest that B. pertussis antigens including FHA 

are capable of modulating immune responses to un-related antigens in vivo. Although IgG 

antibody titres were elevated when B. pertussis antigens were present it can not be 

assumed that toxin neutralisation or protection was enhanced since these assays measured 

total and not functional antibody titre. An analysis o f toxin neutralising antibody titre 

may better reflect the impact o f including B. pertussis components on immune responses 

to un-related antigens.
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Fig. 4.1 Effect o f pertussis vaccines or FHA on Dt-specific cytokine production by spleen 

cells from BALB/c mice immunized with multi-component vaccines.

BALB/c were immunized with PBS, DipTet, DipTet-FHA, DipTet-Pa and DipTet-Pw 

(A) or DipTet-Hib, DipTet Hib-FHA, DipTet Hib-Pa and DipTet Hib-Pw (B) and a 

second vaccination was given two weeks later. Spleens were removed two weeks after 

the booster vaccination and Dt specific cytokine responses were determined by 

stimulating spleen cells with medium or different concentrations o f  Dt (l-15L F/m l) for 

three days. Supernatants were removed and cytokine levels were determined by specific 

immunoassay. Results represent means (+/-SE) from four mice per experimental group 

*** p<0.001, **p<0.01, * p<0.05.
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Fig. 4.2 Effect o f pertussis vaccines or FHA on Tt-specific cytokine production by spleen 

cells from BALB/c mice immunized with multi-component vaccines.

BALB/c were immunized with PBS, DipTet, DipTet-FHA, DipTet-Pa and DipTet-Pw 

(A) or DipTet-Hib, DipTet Hib-FHA, DipTet Hib-Pa and DipTet Hib-Pw (B) and a 

second vaccination was given two weeks later. Spleens were removed two weeks after 

the booster vaccination and Tt specific cytokine responses were determined by 

stimulating spleen cells with medium or different concentrations o f  Tt (l-15L F/m l) for 

three days. Supernatants were removed and cytokine levels were determined by specific 

immunoassay. Results represent means (+/-SE) from four mice per experimental group 

*** p<0.001, * p<0.05.
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Fig. 4.3 Effect o f  pertussis vaccines or FHA on Hib-Tt-specific cytokine production by 

spleen cells from BALB/c mice immunized with multi-component vaccines.

BALB/c were immunized with PBS, DipTet-Hib, DipTet Hib-FHA, DipTet Hib-Pa and 

DipTet Hib-Pw and a second vaccination was given two weeks later. Spleens were 

removed two weeks after the booster vaccination and Hib-Tt specific cytokine responses 

were determined by stimulating spleen cells with medium or different concentrations o f  

Hib-Tt (l-5L F/m l) for three days. Supernatants were removed and cytokine levels were 

determined by specific immunoassay. Results represent means (+/-SE) from four mice 

per experimental group *** p<0.001.
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Fig. 4.4 B. /?er?M.w«-specific cytokine production by spleen cells from BALB/c mice 

immunized with multi-component vaccines.

BALB/c were immunized with PBS, DipTet, DipTet-FHA, DipTet-Pa and DipTet-Pw 

(A) or DipTet-Hib, DipTet Hib-FHA, DipTet Hib-Pa and DipTet Hib-Pw (B) and a 

second vaccination was given two weeks later. Spleens were removed two weeks after 

the booster vaccination and B. pertussis specific cytokine responses were determined by 

stimulating spleen cells with medium and killed B. pertussis (IxlO^cfti/ml), or the B. 

pertussis antigens, PT (5|j,g/ml), FHA (5|u.g/ml), or PRN (5|ag/ml) for three days. 

Cytokine production was determined in the supernatants by specific immunoassay. 

Results represent means (+/-SE) from four mice per experimental group. * p<0.05, ***

p<0.001.
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Fig. 4.5. Antibody responses in the serum of BALB/c mice immunized with PBS, 

DipTet, DipTet-FHA, DipTet-Pa and DipTet-Pw (A) or DipTet-Hib, DipTet Hib-FHA, 

DipTet Hib-Pa and DipTet Hib-Pw (B).

Mice were immunized with vaccines as outlined in Fig. 4.1. IgG responses to individual 

vaccine components (Dt, Tt, Hib conjugate, B. pertussis antigens) were determined after 

the first and second immunization as indicated on figures. Results are expressed as Logio 

endpoint titre and represent means from four mice (+/- SE) per experimental group, * 

p<0.05, *** p<0.001.
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E f f e c t  o f  FHA in  I n f l u e n c i n g  t h e  D i f f e r e n t i a t i o n  o f

N a iv e  T -c e l l s



5.1 Introduction

Mucosal tissues o f the respiratory tract, including the lungs, are continually exposed to 

air-borne antigens. The mucosal immune system has developed immunoregulatory 

mechanisms to prevent the development o f uncontrolled inflammation in the airways. 

Respiratory DC may represent an important population o f immune cells that are involved 

in inducing T cell hyporesponsiveness to inhaled antigen (Akbari et al., 2001).

Th cells develop from common naive T cell precursors that are instructed to develop into 

either Thl cells, that secrete significant levels o f IFN-y, Th2 cells, that secrete IL-4 and 

lL-5 or Tr cells that secrete IL-10 and TGF-p. The different activation states o f DC may 

determine differentiation of naive T cells into T h l, Th2 or Tr cells (Steinman, 1991, 

Eianchereau et al., 2000, Lanzavecchia and Sallusto, 2001, Me Guirk et al., 2002). 

Alveolar macrophages modulate airway defences and these are functionally different 

from systemic macrophages and are relatively unresponsive to antigen stimulation (Holt 

et al., 1993, Bingisser et al., 2001). However, a role for respiratory DC in local immune 

modulation is still poorly defined.

Immature DC (iDC), resident in mucosal tissues, are powerful phagocytic cells. 

However, they express co-stimulatory molecules at an insufficient level to activate T 

cells. In contrast, iDC are very efficient in capturing and processing antigen and once this 

occurs, they undergo maturation and migrate to the T cell areas o f the lymph nodes and 

spleen, where their phagocytic ability is lost, and their accessory cell function is 

considerably enhanced (Matsuno et al., 1996) (Fig. 5.1). Different DC sub-populations 

exist that are capable o f inhiating the development of polarised Th responses (Fig. 5.2). 

However, the cytokine milieu at the site o f differentiation and the activation signals from
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pathogen-derived molecules are thought to play important roles in dictating the type o f 

DC that develops.

DC produce substantial amount o f cytokines which influence the adaptive 

immune response, including IFN-a, IL-1, lL-6, IL-7, lL-12 and lL-5. Production of lL-12 

by myeloid DC is important in the generation o f Thl responses. DC grown and matured 

in vitro can produce large quantities o f lL-10 (Moore et al., 1993) and this may be 

important in maintaining the DC in an immature state, preventing the development o f 

inflammatory responses in the absence o f appropriate activation signals (Koch et al., 

1996, de Waal et al., 1991). IL-10 production by activated pulmonary DC is important in 

preventing the development o f airway hyperactivity and asthma. In addition, exposure of 

lung DC to antigen results in the induction o f CD4^ Trl cells, that also produce 

significant amounts o f IL-10 and suppress inflammatory Thl responses (Akbari et al., 

2001, Me Guirk et al., 2002). Similarly, IL-6, another regulatory cytokine, has been 

shown to play an important role in modulating lung inflammation. IL-6 production by 

challenged pulmonary DC impedes Thl responses by preventing the production o f IL-12 

(Dodge et al., 2003).

Interaction o f different microbes or microbial products with DC results in the 

preferential activation o f different T cell subtypes. Yeast from the fungus Candida 

albicans induce a Thl response via the induction o f IL-12, whereas its hyphal form 

inhibits IL-12 and stimulates IL-4 production by DC, resulting in the development o f Th2 

responses (d’Ostiani et al., 2000). In addition, microbial toxins from Vibrio cholera have 

been shown to inhibit the development o f DC important in directing Thl immune 

responses and to promote Th2 and Trl responses (Gagliardi et al., 2000).
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Fig. 5.1 Maturation o f DC is accompanied by a reduced capacity to capture and 

process antigen and an enhanced ability to direct the development o f acquired 

immunity

Mature DC differ from iDC both flinctionally (A) and phenotypically (B) and direct the 

developm ent o f  different T cell subtypes involved in the acquired immune response.
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Fig. 5.2 DC and immunoregulation.

The current view o f  the ways in which the activation states o f  DC can determine the 

nature o f  T cell responses. Quiescent DC help maintain a state o f  peripheral T cell 

tolerance to self antigens in the absence o f  microbial infections and related 'danger' 

signals. DC are activated in response to microbial infection, inflammation and tissue 

damage and migrate into lymphoid tissue, where they signal to T cells that are specific 

for the foreign antigens that are presented by the DC. Adapted from Ricciardi-Castagnoli, 

el al., 2002 .
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M icrobes may simultaneously target different DC subsets, resulting in heterogenous T 

cell responses. Dengue virus targets monocyte derived DC and human skin langarhan 

cells resulting in the initiation o f  mixed signals during immunity (W u et al., 2000), 

suggesting that m icrobes have evolved several strategies to evade or subvert host immune 

response.

Tissue location o f  immune cell populations also appears to be a contributing 

factor in the developm ent o f  immune responses. Airway spaces in the lower respiratory 

tract contains a num ber o f  immune cells, including T cells, B cells, neutrophils, 

eosinophils, mast cells, m acrophages and DC (Bingisser et al., 2001) and a co-ordinated 

interaction among these cells is necessary to prevent hyper-inflam m ation in response to 

exposed antigen and allergen.

The objective o f  this study was to determine if  FHA and a group o f  other bacterial 

and parasitic immunomodulators could alter the phenotype o f  DC isolated from the lung 

and spleen and to determine if  these modulated DC could subsequently influence T cell 

responses. To address these questions DC were isolated from the lungs and spleens o f 

naive mice and modulated with different bacterial and parasitic antigens. Modulated DC 

were incubated with T cells isolated from the spleens o f  OVA transgenic (OVA TCR Tg) 

mice and cytokine responses to OVA peptide stimulation were assessed.
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5.2 Results 

5.2.1 Immature spleen and lung DC are phenotypically distinct

DC were isolated from the lung, and spleen of naive BALB/c mice and cell surface 

marker expression was analysed using flow cytometry. Phenotypic analysis revealed that 

pulmonary and spleen DC expressed costimulatory markers (CD80, CD86, CD40, MHC 

class II) in dramatically distinct patterns. The data revealed that pulmonary DC expressed 

higher levels o f CD80, CD86 and CD40 when compared with spleen DC (MFI CD80= 

96.83 vs. 17.39, CD86= 20.21 vs. 8.71, CD40= 106.89 vs. 43.44, respectively) (Fig. 5.3). 

These findings suggest that DC isolated from the lung are more mature when compared 

to spleen DC.

5.2.2 Surface marker expression and cytokine production by immunomodulated 

pulmonary and spleen DC

It has been demonstrated that FHA induces IL-10 production from BMDC (McGuirk et 

al., 2002, see Chapter 7) and instructs the development o f Tr/Th2 responses, whereas 

stimulation o f immune cells with cytosine-phosphate-guanosine synthetic oligonucleotide 

(CpG-ODN) or liver fluke homogenate (LFH) induces T cell responses polarised to the 

Thl or Th2 subtype, respectively (Yi et ah, 2002, Brady et al., 1999). Pulmonary and 

spleen DC were stimulated for 24 hr with FHA (5 fig/ml), CpG-ODN (5 |j.g/ml), LFH (20 

|j,g/ml) or medium only and cells were analysed by two-colour flow cytometry for 

costimulation marker expression. Overnight culture in the absence o f immunomodulatory 

molecules resulted in the up-regulation of cell surface marker expression and may 

represent a partial maturation o f both DC populations. Analysis o f costimulatory
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molecules expressed on immunomodulated spleen and pulmonary DC revealed that both 

populations o f  DC expressed similar levels o f  costimulatory m olecules (Fig. 5.4, Fig. 

5.5).

Pulmonary and spleen DC were stimulated with FHA, CpG-ODN, LFH or 

medium for 24 hr and cytokine production in the supernatants was detected by ELISA. 

Low levels o f  IL-12 p40 and M lP - la  were detected in the supernatants o f  unstimulated 

pulmonary and spleen DC. M oderate levels o f  IL-6 were detected in the supernatants o f 

both DC populations, however, significantly higher levels o f  IL-10 were detected in the 

supernatants o f  unstimulated pulmonary DC when compared with unstimulated spleen 

DC (Fig. 5.6). FHA modulation o f  pulmonary DC did not significantly enhance lL-10 

production when compared with the medium treated control, in addition, FHA did not 

stimulate lL-10 production by splenic DC. No IL-12 p40 was detected in the supernatants 

o f  FHA stimulated pulmonary and spleen DC and FHA induced the production o f  similar 

levels o f M I P l a  and IL-6 in both DC populations. CpG-ODN stim ulation o f  both DC 

populations resulted in elevated IL-12 p40, M IP -la , and IL-6, however, significantly 

higher levels were produced by spleen DC when compared to pulmonary DC (Fig. 5.6). 

Low levels o f  CpG-ODN-induced IL-10 production were observed in the supernatants o f 

both DC populations. LFH did not induce IL-12 p40 production by pulmonary or spleen 

DC and elevated M IP -la  was detected in the supernatants o f  LFH treated pulmonary DC 

when compared with stimulated spleen DC (Fig. 5.6). LFH stimulated higher levels o f 

IL-6 and IL-10 production in pulmonary DC when compared with spleen DC (Fig. 5.6). 

No IL-12 p70 was detected in supernatants o f  unstimulated or modulated DC and may
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demonstrate that cells require co-stim ulation with IFN-y to induce bioactive IL-12 

production.

5.2.3 Antigen-specific cytokine production by OVA-T cells co-incubated with 

immunomodulated spleen and pulmonary DC

C D l Ic^ DC isolated from the spleen and lungs o f  naive BALB/c mice were stimulated 

with FHA, CpG-ODN, LFH or medium for 24 hr. M odulated DC were incubated with 

OVA TCR Tg T cells in the presence o f  OVA peptide (0.5 )ag/ml, 5.0 |ag/ml) and 

supernatants were collected four days later and analysed for cytokine production by 

ELISA. Elevated IL-10 production was detected in the supernatants o f  T cells incubated 

with medium treated pulmonary DC when compared with medium treated splenic DC 

following stimulation with 5.0 |J.g/ml OVA peptide (20 ng/ml vs 14 ng/ml) (Fig. 5.7). In 

addition, enhanced IL-10 production was observed in T cell supernatants from pulmonary 

DC modulated with FHA when compared with medium treated pulmonary DC post 

stimulation with 5.0 |J.g/ml OVA peptide (29 ng/ml vs 20 ng/ml). Interestingly, 

modulation o f splenic DC with FHA suppressed IL-10 production by T cells when 

compared with levels detected by unstimulated but cultured splenic DC (Fig. 5.7). No 

significant differences in IL-10 production were observed in the supernatants o f  T cells 

incubated with CpG-ODN or LFH-modulated pulmonary or splenic DC (Fig. 5.7). 

However, modulation o f  both DC populations with CpG -O DN , suppressed IL-10 

production when compared with medium treated DC. Surprisingly, IL-10 production by 

DC and T cells did not suppress IFN-y production and high background levels o f  IFN-y 

production were observed in the supernatants o f  T cells incubated with medium treated
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DC (Fig. 5.7). Similarly, high background levels o f  IL-6 were detected in unstimulated 

DC and T cells stim ulated with OVA peptide (Fig. 5.7). Treatm ent o f  pulmonary DC 

with m odulators did not significantly affect IL-6 production, however, higher IL-6 

production was observed in T cells stimulated with CpG-ODN-m odulated spleen DC 

(Fig. 5.7). No antigen-specific IL-4 or IL-5 was detected in the supernatants following 

four days o f  culture and suggests that cells may require a second round o f  antigen 

stimulation to induce cytokine production.
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5.3 Discussion

Polarization of naive T cells with distinct T cell subtypes is directed by distinct DC 

populations or by DC with distinct activation status. In this study, DC were isolated from 

the lung and spleen, modulated with known bacterial and parasitic immunomodulatory 

molecules and incubated with OVA TCR Tg T cells. Assessment o f cytokine production 

after stimulation o f T cells in vitro with OVA peptide was used to examine the 

mechanisms by which DC from distinct tissue sites direct the induction o f distinct T cell 

subtypes. Although antigen specific T cell cytokine production did not conclusively 

reveal a role for different DC subsets in modulating T cell polarization, the data suggests 

that both DC populations are phenotypically and functionally distinct.

Flow cytometric analysis o f cell surface markers revealed that splenic and pulmonary DC 

expressed costimulatory markers in dramatically distinct patterns. In general, higher 

levels o f CD80, CD86 and CD40 expression were observed on ex vivo purified 

pulmonary DC when compared with splenic DC. Interestingly, lower MHC class II 

expression was observed on pulmonary DC when compared to spleen DC. These findings 

are contrary to previous studies demonstrating that lung and splenic DC populations 

express similar levels o f the costimulatory molecules CD80 and CD86, however they are 

consistent with recent findings demonstrating elevated expression o f MHC class II on 

splenic compared with pulmonary DC (Dodge et al., 2003).

CDl Ic^ DC from the spleen and lung were cultured for 24 hr in the presence of 

the immunomodulatory molecules FHA, CpG-ODN and LFH thought to direct induction 

o f T rl, Thl and Th2 cells respectively. Interestingly, overnight culture o f both DC 

populations, in the absence o f exogenous modulation, was sufficient to enhance
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costimulatory marker expression. Flow cytometric analysis revealed that after 24 hr of 

culture, spleen and pulmonary DC both expressed high levels o f CD80 and CD86, but 

lower MHC class II expression was observed on pulmonary compared with spleen DC. In 

contrast, significantly elevated levels o f CD40 expression was observed on splenic DC 

compared with pulmonary DC, consistent with previous studies (Dodge et a l ,  2003). 

Thus, overnight culture of splenic and pulmonary DC may mature both cell populations 

(Fig. 5.4, Fig. 5.5), the reason for this maturation is not fully understood, however, 

binding o f the cell to the tissue culture surface may be partially responsible.

Stimulation o f pulmonary and splenic DC with immunomodulators revealed that 

cytokine production was strikingly different. A Thl polarising immunomodulator, CpG- 

ODN stimulated significantly elevated levels o f inflammatory cytokines (lL-12 p40, 

M IP-la , IL-6) in spleen DC when compared with CpG-ODN-modulated pulmonary DC 

(Fig. 5.6). FHA stimulation did not alter IL-10 production by pulmonary DC when 

compared with medium treated DC. In addition, no IL-10 production was observed by 

FHA stimulated splenic DC (Fig. 5.6). High IL-10 production detected in the 

supernatants o f unstimulated pulmonary DC has been previously reported and is thought 

to mediate tolerance induced by respiratory exposure to antigen (Akbari et al., 2001). In 

addition, pulmonary DC are thought to stimulate the development o f CD4^-Trl cells that 

produce significant amounts o f IL-10 (Akbari et al., 2001).

Naive T cells from OVA TCR Tg mice were used to determine if modulated 

pulmonary and splenic DC could direct the development o f different T cell subsets. The 

ability o f FHA to modulate DC maturation and activation was previously assessed in our 

laboratory using BMDC and demonstrated that FHA induced the development o f Trl
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cells (Me Guirk et al., 2002). During acute infection with B. pertussis Tr cells specific for 

FHA and PRN are generated at mucosal surfaces. These cells secrete high IL-10, but no 

IL-4 or IFN-y and are able to suppress Thl responses against B. pertussis and unrelated 

antigens (Me Guirk et al., 1998, Me Guirk et al., 2002). Results from the study 

comparing T cell responses induced by modulated splenic and pulmonary DC were 

inconclusive and complicated by high background levels o f cytokines secreted by T cells 

stimulated with DC cultures or with OVA peptide without modulators. Higher levels o f 

IL-10 production were observed in the supernatants o f T cells incubated with medium 

treated pulmonary DC when compared with splenic DC 4 days post stimulation with 5.0 

Hg/ml OVA peptide (Fig. 5.7). in addition, elevated levels o f IL-10 production were 

detected in the supernatants o f T cells incubated with FHA treated pulmonary DC when 

compared with medium treated DC following stimulation with 5.0 |ag/ml OVA peptide. 

In contrast, FHA modulation o f splenic DC suppressed IL-10 production when compared 

with levels detected in the supernatants o f T cells incubated with medium treated DC post 

stimulation with 5.0 g/ml OVA peptide. Interestingly, higher IFN-y production was 

observed by T cells incubated with medium-treated pulmonary DC when compared with 

splenic DC, however, differences were not statistically significant. Similar levels of IL-6 

were detected in the supernatants of T cells incubated with modulated pulmonary and 

splenic DC (Fig. 5.7). However, modulation o f splenic DC with CpG-ODN did enhance 

IL-6 production by antigen stimulated T-cells.

The findings o f this study suggest that spleen and pulmonary DC are 

phenotypically distinct. Treatment o f the two DC populations with immunomodulators 

results in a strikingly different pattern of cytokine production. In general, modulated
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pulmonary DC produce significantly lower levels o f inflammatory cytokines compared 

with modulated splenic DC. In addition, pulmonary DC have an increased capacity to 

produce the anti-inflammatory cytokine, IL-10, known to regulate Thl type responses. 

However, in general no significant differences were observed in this preliminary study 

comparing the ability o f pulmonary or splenic DC to direct the development o f T cell 

responses. High background levels of cytokine production were detected for most 

cytokines analysed, making the data difficult to interpret. Similar studies have 

demonstrated that pulmonary DC have a propensity to direct the development o f Th2 

response (Akbari et al., 2001). In contrast, studies have demonstrated that human 

monocytes isolated from the peripheral blood and used to generate DC in culture, or DC 

isolated from the spleen, can be modulated by microbial compounds and develop into 

functionally distinct DC populations, capable o f driving polarised Thl or Th2 responses 

(de Jong et al, 2001, Dodge et al., 2003).
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Fig. 5.3 Spleen and lung DC are phenotypically distinct.

CD l Ic^ DC were isolated from the spleen and lung o f  naive BALB/c using the auto- 

MACS system. The % o f  cells expressing the C D l l c  surface marker was found to be 

greater than 98%. Cells were stained for expression o f  CD80, CD86, CD40 and MHC 

class II surface markers (filled grey histograms). The open thick-lined histograms show 

staining with isotype control antibody.
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Fig. 5.4 Costimulatory marker expression on spleen DC following stimulation with FHA, 

CpG-ODN and LFH.

CD l Ic^ DC were isolated from the spleen o f  naive BALB/c mice using the auto-M ACS 

system. Cells were stimulated with FHA (5 |ig/m l), CpG-ODN (5 |j.g/ml), LFH (20 

)o,g/ml) or medium for 24 hr and stained with antibodies specific for CD80, CD86, CD40 

and MHC class II (filled grey histograms) after gating on C D l l c ^  positive cells. The 

open thick-lined histogram s show staining with isotype control antibody.
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Fig. 5.5 Costimulatory marker expression on pulmonary DC following stim ulation with 

FHA, CpG-ODN and LFH.

CD l Ic^ DC were isolated from the lungs o f naive BALB/c mice using the auto-M ACS 

system. Cells were treated with FHA (5 |J.g/ml), CpG-ODN (5 |j.g/ml), LFH (20 |ig/m l) or 

medium for 24 hr and stained with antibodies specific for CD80, CD86, CD40 and MHC 

class 11 (filled grey histograms) after gating on C D l l c ^  positive cells. The open thick- 

lined histograms show staining with isotype control antibody.
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Fig. 5.6 Cytokine production by DC isolated from the lung and spleen o f  naive BALB/c 

mice and stimulated with FHA, CpG-ODN and LFH.

C D l l c ^  DC were isolated from the lung and spleen o f  naive BALB/c mice using the 

auto-M ACS system and cells were stimulated with FHA, CpG-ODN and LFH for 24 hr 

as described in Fig. 5.3. Supernatants were collected and cytokine production was 

determined by specific immunoassay. Results represent the means (+/- SE) from 

triplicate samples. **p<0.01, ***p<0.001.
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Fig. 5.7 OVA peptide-specific cytokine production by OVA TCR Tg T cells stimulated 

with pulmonary versus spleen DC.

CD l Ic^ DC cells were positively selected from the lung and spleen o f  naive BALB/c 

mice using the auto-M ACS system. Isolated DC were incubated with medium (med), 

FHA (5 |ag/ml), CpG-ODN (5 fo-g/ml) or LFH (20 ng/ml). A fter 24 hr, cells were washed 

to remove residual immunomodulator. Spleen T cells were isolated by positive selection 

(CD4^) from four D O ll.lO  OVA TCR Tg BALB/c mice. Immunomodulated DC 

(Ix loV m l) were cocultured in triplicate with OVA TCR Tg T cells (Ix loV m l), medium 

only or OVA peptide (0.5 ^g/m l, 5.0 |ag/ml). Controls included lung/spleen DC incubated 

with medium only and naive OVA TCR Tg T cells stim ulated with OVA peptide (0.5 

l^g/ml, 5.0 i-ig/ml) without DC. On day 4 supernatants were collected and cytokine 

production was determined by ELISA. *** p<0.001.
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6.1 Introduction

The respiratory tract is in constant contact with inhaled foreign material and pathogens 

and provides a direct route o f entry for foreign material into the lung. However, it is 

important that lung inflammation is minimal in order to ensure normal gaseous exchange. 

As a result the lung has developed several innate defence mechanisms that are used as a 

first line o f defence to reduce the antigen load. These include cough reflex, mucociliary 

clearance, anti-microbial properties of the mucosal surface and activation o f immune and 

non-immune cells o f the alveolar-capillary membrane (Knowles et al., 2002, Ganz, 

2002). These mechanisms are generally effective in containing infection, permitting 

resolution o f the disease and allowing subsequent tissue remodelling. Adaptive immune 

responses develop when innate responses are unable to resolve infection. Innate and 

adaptive cytokines induced in response to infection play an important role in pulmonary 

immunity (Stricter et al., 2002). These molecules act in concert with other soluble factors 

and adhesion molecules to recruit neutrophils and mononuclear cells to the site of 

infection, resuhing in bacterial clearance. However, this infiltrate is usually associated 

with local inflammation and can be harmful to normal lung homeostasis. Therefore, the 

co-ordinated induction o f anti-inflammatory cytokines during infection is important in 

limiting both pulmonary and systemic damage during respiratory infection.

IL-10 is an important anti-inflammatory and regulatory cytokine that has been 

identified as a key component in limiting chronic inflammation in the lung. IL-10 has 

been described as a pleiotrophic immunomodulator that inhibits the production o f the 

PMN chemoattractant IL-8 and several NF-kB dependant and independent inflammatory 

cytokines, including IL-12, IL-I8, IFN-y, TNF-a, IL -la , IL -ip  and IL-6 (Tabary et al..
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2003, Armstrong et a l ,  1996, Cassatella et al., 1993, Fiorentino et a l ,  1991). IL-10 may 

also regulate Th2 responses and it has been demonstrated that IL-10 suppresses lL-4 and 

IL-5 production by stimulated murine Th2 clones (Borish, 1998). In addition, IL-10 may 

facilitate resolution o f lung inflammation by promoting apoptosis o f PMN (Cox et al., 

1996). IL-10 inhibits the expression o f the cell surface markers ICAM-1, CD80 and 

CD86 on monocytes and on certain DC populations, resulting in suppressed Th responses 

(Massey et al., 2002). In contrast, IL-10 may also act in an immuno-stimulatory manner, 

enhancing B cell differentiation and Ig secretion and may act as a co-factor for B cells 

switching to the IgA isotype (Moore et al., 1993). IL-10 may also function in the 

generation o f Tr cells (Me Guirk et al., 2002). Furthermore, co-transfer o f regulatory 

CD45RB'°'^ cells from wild type, but not IL-IO’'̂ ' mice, provide protection against the 

development o f experimental colitis (Asseman et al., 2003).

These findings suggest that decreased or absent IL-10 production during 

infection, may contribute to a regulatory imbalance resulting in tissue pathology. In 

addition, asthma and fatal acute response distress syndrome have also been associated 

with decreased IL-10 production, emphasising the importance o f this cytokine in human 

lung disease (Borish et al., 1996). Investigators examining the role o f IL-10 during acute 

infection have demonstrated that innate IL-10 is necessary for the modulation of 

proinflammatory responses. Suppressed IL-10 production has been associated with 

enhanced proinflammatory cytokine production, accompanied by exacerbated local 

pathology and increased cellular infiltration (Deckert et al., 2001, Wang et al., 1999, 

Gazzinelli et al., 1996). In addition, IL-10 production may actually promote bacterial 

clearance and studies investigating Staphylococcus aureus induced arthritis demonstrated
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a significantly enhanced bacterial load in the blood and kidneys of IL-10'^' mice when 

compared with the congeneic wild type (Gjertsson et al., 2002).

B. pertussis causes a severe protracted infection o f the respiratory tract (Cheers, 

1969) and Thl responses are suppressed during the acute phase o f infection (Me Guirk et 

al., 1998). IFN-y produced by innate and Thl cells, mediates clearance o f the bacteria, 

however, our laboratory has previously reported that FHA inhibits IL-12 production by 

macrophages and thereby reduces Thl responses (Me Guirk et al., 2002, Me Guirk et al., 

1998). lL-12 has been shown to induce IFN-y production by both innate cells (NK, 

macrophages, DC) and cells of the adaptive immune response (T cells) and therefore 

plays an important role in co-ordinating innate and adaptive immunity (Watford et al., 

2003). In addition, suppression of lL-12 production by APC, has been shown to alter the 

differentiation o f naive T cells into Thl cells (O’Shea et al., 2002, Farrar et al., 2002) and 

may provide a mechanism by which certain microbial products modulate protective 

immune responses (Me Guirk et al., 2002).

In this study 1 examined the role o f FHA and lL-10 in the pathogenesis of 

B. pertussis infection. Aerosol challenge o f C57BL/6 wild type and lL-10'^' mice with a 

virulent B. pertussis strain was used to define the role o f FHA and IL-10 in the 

development o f systemic and local inflammation during B. pertussis infection. The 

course of infection and Th cell responses were examined following aerosol challenge.
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6.2 Results 

6.2.1 Enhanced inflammatory cytokine production in the lungs of IL-10'^' mice 

infected with B. pertussis

C57BL/6 and IL-10'^' mice were infected with B. pertussis and lungs were dissected at 

selected intervals post challenge. Innate cytokine production in the supernatants o f 

homogenised lungs was determined by specific immunoassay. C57BL/6 wild type mice 

produced lL-10 in response to B. pertussis infection, with maximal production observed 

14 days post challenge (Fig. 6.1). In general, lower IL -ip  production was detected in the 

lungs o f IL-10"^‘ mice compared with wild type mice, however, differences were not 

significant in B. pertussis infected mice (Fig. 6.1). M IP-la , lL-6, IL-12 p70 and IFN-y 

production was significantly enhanced in mice deficient in lL-10 production (Fig. 6.1). 

No significant differences in IL-12 p40 production were observed during the course of 

infection, however, significantly elevated levels of cytokine production were observed in 

naive C57BL/6 mice when compared with naive IL-10'^‘ mice.

6.2.2 Antigen-specific Th responses in the spleen and local lymph nodes o f  B. 

pertussis infected C57BL/6 wild type and IL-10 ''' mice

B. pertussis-s^QCifxQ, IFN-y production was significantly higher in the spleen and lymph 

nodes of IL-I0‘̂ ' mice compared with C57BL/6 wild type mice 14, 21 and 28 days 

following challenge with B. pertussis  ( Fig. 6.2). In addition, antigen-specific IL-5 

production by spleen cells was significantly higher in IL-10 '̂ ' mice compared with wild 

type mice at 14 and 21 days post B. pertussis challenge. In contrast, B. /jer/w^^/^'-specific 

lL-5 production was higher in spleen cells from the C57BL/6 wild type mice compared
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with the lL-10'^' mice 28 after challenge (Fig. 6.3C). In general, higher antigen-specific 

IL-5 production was observed in local lymph nodes from IL-IO''"' mice compared with 

wild type mice 14 and 21 days following challenge with B. pertussis (Fig. 6.3E, Fig. 

6.3F). In contrast, spleen cells from challenged mice responded in vitro to heat killed B. 

pertussis, FHA and PT by producing relatively low amounts of lL-4 (Fig. 6.4). Antigen- 

specific IL-4 production by spleen cells was at the limits of detection by the assay by 14 

days post challenge with B. pertussis. In contrast, significantly elevated levels o f antigen- 

specific lL-4 production was observed in spleen cells o f IL-IO'^‘ mice compared with wild 

type mice 21 days post challenge (Fig. 6.4B). No antigen-specific IL-4 production was 

observed in lymph node cells from IL-IO'^' or wild type mice up to 28 days post challenge 

with B. pertussis.

Antigen-specific lL-10 production was measured in spleen cells from IL-10'^' mice and 

wild type mice in order to ensure that the IL-10 mutation in knockout mice was 

functional. Spleen cells from B. pertussis challenged C57BL/6 wild type mice produced 

IL-10 in response to heat-killed B. pertussis, FHA and PT, however, no antigen-specific 

lL-10 production was observed in spleen cells from infected lL-10'^' mice 28 days post 

challenge (Fig. 6.5).

6.2.3 Significantly elevated IgG2a production is observed in the serum of IL-10‘̂ ' 

mice infected with live B. pertussis

Serum antibody concentrations were measured in B. pertussis-xxxiQcX&d IL-10'^' mice and 

C57BL/6 wild type mice 14, 21 and 28 days post challenge. B. pertussis-s^Qcxfxc IgG 

antibodies were detected at day 14 and at higher levels on days 21 and 28. Similar levels
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of B. pertussis-spQc\fic IgG antibodies were detected in the serum of both IL-IO"' '̂ and 

wild type mice (Fig. 6.6A). However, significantly elevated levels o f IgG2a antibodies 

were detected in the serum of 1L-I0'^‘mice when compared with wild type mice (Fig. 

6.6B). IFN-y is an important cytokine that promotes antibody class switching to IgG2a 

and IgG2b subclasses. Enhanced lgG2a antibody production in IL-10‘̂ ‘ mice is consistent 

with the higher levels o f IFN-y production detected in lung homogenates and antigen- 

stimulated spleen cells o f IL-IO'^' mice compared with wild type mice (Fig. 6.1, Fig. 6.2).

6.2.4 Increased bacterial burden in the lungs of IL-lO'^'mice following fi. pertussis 

respiratory challenge

lL-10'^' and C57BL/6 wild type mice were challenged with B. pertussis and four mice per 

experimental group were sacrificed at 3hr, or 3, 7, 14 or 28 days later. Lungs were 

removed, and the number o f viable B. pertussis was determined by performing CFU 

counts on lung homogenates. Similar levels o f viable bacteria were recovered from the 

lungs o f C57BL/6 wild type and lL-10'^' mice up to 3 days following challenge (Fig. 6.7). 

However, a significantly higher bacterial load was detected in the lungs of B. pertussis 

infected IL-lO'^'mice when compared with wild type mice, 7 and 14 days post challenge 

(Fig. 6.7).
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6.3 Discussion

Local and systemic immune responses are induced during the acute phase o f B. pertussis 

infection and are necessary for bacterial containment. Immune responses are tightly 

regulated and factors disrupting this regulation leave the host susceptible to tissue injury. 

IL-10 is an important immunoregulatory cytokine and its induction during acute infection 

is necessary to ensure regulation o f the pro-inflammatory response. This study 

demonstrates that loss o f lL-10 regulation during B. pertussis infection results in 

significantly enhanced local and systemic Thl responses in the lungs. Interestingly these 

enhanced pro-inflammatory responses result in protracted bacterial clearance and 

probably reflect tissue destruction and loss o f normal lung clearance mechanisms.

An enhanced innate immune response was detected in the lungs o f lL-10'^' mice 

challenged with B. pertussis when compared with wild type mice. Significantly elevated 

levels of M lP l-a , IL-12 p70, IFN-y and IL-6 were observed in mice deficient in IL-10, 

consistent with studies demonstrating that IL-10 regulates pro-inflammatory cytokine 

production. No IL-12 p70 was detected in the lungs o f wild type mice infected with B. 

pertussis, however significantly elevated levels o f this cytokine was detected in the lungs 

o f  I L - 1 0 mi c e  during the acute phase o f infection (Fig. 6.1).

Significantly higher antigen-specific IFN-y production was observed in the spleen 

and lymph node cells from B. pertussis-mfQcXed IL-IC'^' mice when compared with wild 

type mice up to 28 days post infection (Fig. 6.2). However, similar levels o f antigen- 

specific IFN-y production were observed in spleen cells o f infected wild type mice over 

time (Fig. 6.2). This might suggest that B. pertussis-s^Qc\f\c IL-10 production in infected 

wild type mice may have to reach a critical level, before IL-10 suppression o f IFN-y
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occurs. B. pertussis specific CD4^, CD8^T cells, NK cells and bystander T cells may 

contribute to enhanced IFN-y responses in IL-10" '̂ mice and it has been demonstrated that 

ligation o f CD3 on T cells from IL-10"^" mice, results in enhanced IFN-y production when 

compared with T cells isolated from wild type mice (Kuhn et al., 1993). It is well 

documented that Thl responses are tightly regulated in the lung and that lung T cells are 

refractory to antigenic stimulation in the presence o f alveolar macrophages (Blaumgarth 

& Kelso, 1996, Chelen et al., 1995, Me Guirk et al., 1998). Lower innate and antigen- 

specific IFN-y production in the lungs of wild type mice challenged with B. pertussis may 

partly be explained by the contribution of IL-10 to the mico-environment o f this organ.

Elevated antigen-specific IL-5 production at days 14 and 21 and reduced antigen- 

specific IL-5 production at day 28-post challenge, was observed in the spleen o f infected 

IL-10'^' mice compared with wild type mice. In general, higher antigen-specific IL-5 

responses were also observed in the lymph nodes o f IL-10'^‘ mice during the later stages 

o f infection when compared with levels detected in wild type mice. There is some 

controversy surrounding the ability o f IL-10 to regulate lL-5 activity. It has been 

suggested that IL-10 enhances IL-5 production in murine asthma models and may play an 

important role in the development o f IL-5 producing Th2 cells. However, several studies 

have demonstrated that IL-10 suppresses IL-4 and IL-5 production from antigen- 

stimulated Th2 clones (Fiorentino et al., 1989, Lenczowski et al., 1999). Furthermore, 

IL-5 is secreted by Trl cells as well as Th2 cells. This study confirms previous reports 

that Ag-specific IL-5 is not induced in normal mice during B. pertussis infection. 

However, in the absence o f IL-10 a marked increase in IL-5 production was observed. 

Significant levels o f FHA-specific IL-5 production were observed in the spleen and nodes
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of B. pertussis infected wild type mice and lL-10'^’ mice post challenge, suggesting that 

FHA may enhance lL-5 production during ^.pertussis  infection.

No significant differences were observed in antigen-specific IL-4 production at day 14 

post challenge, however, significantly elevated levels were detected in the spleen o f IL- 

10' '̂ mice compared with wild type mice 21 days post challenge (Fig. 6.4). This finding 

supports a role for lL-10 in regulating both Thl and Th2 responses. Surprisingly, no IL-4 

production was observed in the nodes suggesting compartmentalisation o f the immune 

response during B. pertussis infection, as previously suggested by Me Guirk et al.,

(1998).

One o f the functions o f IL-10 as a Th2 cytokine is to stimulate B cell 

development and isotype switching to IgA. Both Thl and Th2 cells stimulate B cells to 

proliferate, undergo clonal expansion and secrete immunoglobulin (Coffman et al., 

1988a), however, Thl cells are less efficient than Th2 cells in stimulating antibody 

production from resting B cells. Thl cells secrete IFN-y and are involved In isotype 

switching to the IgG2a subclass, whereas IL-4 and IL-5 secreted by Th2 cells, are more 

efficient in stimulating an isotype switch to the IgGl subclass and the IgE isotype 

(Snapper et al., 1988a, Snapper et al., 1988b, Lehman and Coffman, 1988). No 

significant differences in total IgG production were observed in wild type mice or IL-IO'^' 

mice infected with B. pertussis (Fig. 6.6). However, significantly enhanced IgG2a 

antibody production was observed in IL-10'^' mice, consistent with the observed elevated 

antigen-specific IFN-y production observed in these mice.

This study demonstrated that an elevated Thl inflammatory response In IL-10'^' 

mice did not result in enhanced clearance o f B. pertussis from the lung. In contrast, an

189



elevated bacterial burden was observed in the lungs o f IL-10'^' mice compared with wild 

type mice (Fig. 6.7). This finding is consistent with that reported with Listeria 

monocytogenes infection of the brain (Deckert et al., 2001). It has been suggested that IL- 

10' '̂ deficient mice are less efficient in recruiting CD8^ cells to the site o f infection, 

resulting in reduced bacterial clearance by Fas- and perforin-dependant lysis o f infected 

host cells (Jensen et al., 1998, Kagi et al., 1994). It has been reported that IL-1 and nitric 

oxide production in response to B. pertussis TCT can cause ciliostasis and tissue damage 

in respiratory epithelial cells (Heiss et al., 1994). Therefore, it is possible that removal o f 

the regulatory influence of lL-10 may have resulted in IL-1 and nitric oxide induced 

pathology in the lungs and consequently reduced the ability o f cells to clear the bacteria 

from the lungs.

In conclusion, this study has demonstrated that lL-10 production suppresses both 

innate and antigen-specific Thl and Th2 responses during B. pertussis infection.

However, elevated pro-inflammatory responses result in enhanced bacterial burden in the 

lungs, suggesting that IL-10 is necessary for bacterial clearance during infection with B. 

pertussis.
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Fig. 6.1 Innate cytokine production in the lungs following B. pertussis challenge of 

C57BL/6 wild type mice and lL-10'^'.

Whole lungs were dissected at selected time points post B. pertussis aerosol challenge 

and cytokine production in neat lung homogenates was assayed using specific 

immunoassay. Results represent mean values (+/- SE) for four mice per experimental 

group at each time point. *** p<0.001, * p<0.05.
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Fig. 6.2 Antigen-specific IFN-y production in the spleen and lymph nodes from C57BL/6 

wild type and lL-10'^' mice following challenge with B. pertussis

Spleen, SCN and TN cells were recovered 14, 21 and 28 days post B. pertussis challenge 

and stimulated with whole heat-killed B. pertussis (IxlO^cfu/ml) (BP), FHA (5 fo.g/ml), 

PT (5 ng/ml) or medium only. Supernatants were recovered three days post stimulation 

and antigen-specific IFN-y production was measured by specific immunoassay. Results 

for spleen cells represent mean values (+/- SE) for four mice per experimental group at 

each time point. Results for lymph nodes represent a single value obtained from pooled 

nodes from four mice per experimental group at each time point. *** p<0.001, **

p<0.001.
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Fig. 6.3 Antigen-specific IL-5 production in the spleen and lymph nodes from C57BL/6 

wild type and IL-10'^' mice following challenge with B. pertussis 

Spleen, SCN and TN cells were recovered 14, 21 and 28 days following B. pertussis 

challenge and stimulated with B. pertussis antigens as described in Fig. 6.2. Antigen- 

specific lL-5 production in the supernatants was measured by specific immunoassay. 

Results for spleen cells represent mean values (+/- SE) for four mice per experimental 

group, at each time point. Results for lymph nodes represent a single value obtained from 

pooled nodes from four mice per experimental group at each time point. *** p<0.001.
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Fig. 6.4 Antigen-specific IL-4 production in the spleen o f C57BL/6 wild type and IL-10‘̂ ‘ 

mice following challenge with B. pertussis

Spleen cells were recovered 14, 21 and 28 days following B. pertussis challenge and 

stimulated with B. pertussis antigens as described in Fig. 6.2. Antigen-specific IL-4 

production in the supernatants was measured by specific immunoassay. Results represent 

mean values (+/- SE) for four mice per experimental group at each time point. ***

p<0.001.
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Fig. 6.5 IL-10 production by B. pertussis specific spleen cells from C57BL/6 wild type 

and IL-10'^' mice 28 days post aerosol challenge with B. pertussis.

Spleen cells were recovered 28 days following B. pertussis challenge and stimulated with 

B. pertussis antigens as described in Fig. 6.2. Antigen-specific IL-10 production in the 

supernatants was measured by specific immunoassay. Results represent mean values (+/- 

SE), for four mice per experimental group.

199



A. H  C 5 7 B U 6

^ I L - 1 0 '^ ’

14 21 28

B.

W ild type lgG 2a IL -10-/-lgG 2a W ild type lgG 2b IL-10-/-lgG 2b 
Day 28

Fig. 6.6 Serum IgG antibody production in C57BL/6 and IL-IO"' '̂ mice after challenge 

with B. pertussis

B. pertussis-spec\T\c IgG antibody production was measured in the serum of infected 

C57BL/6 wild type and 1L-10'^‘ mice at 14, 21 and 28 days post challenge by ELISA (A). 

IgG2a and IgG2b isotype production was measured in the serum of infected C57BL/6 

and IL-10'^' mice 28 days post challenge (B). Results represent the mean endpoint titre 

(LOGio) (+/- SE), for four mice per experimental group, ** p<0.01.
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Fig. 6.7 Bacterial clearance in lungs isolated from B. pertussis infected C57BL/6 and IL- 

10' '̂ mice. Lungs were isolated from infected wild type and IL-IC'^' mice at selected time 

points post challenge and the bacterial burden in the lung was determined by plating neat 

and diluted lung homogenates onto Bordet-Gengou agar. The bacterial load is expressed 

as LOGio cfu/lung and results represent the mean value (-I-/-SE), for four mice per 

experimental group at each time point. ** p<0.001 WT versus IL-10'^'.
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C h a p t e r  7

A n I n v e s t ig a t e  o f  t h e  s ig n a l l in g  m e c h a n i s m s  u t i l is e d

BY FHA



7.1 Introduction

Human pathogens employ immunomodulatory mechanisms in order to subvert host 

immune responses, enabling microbial survival and persistence. B. pertussis can survive 

and proliferate within alveolar macrophages and toxin production during infection can 

modify host signalling pathways, preventing the generation o f reactive oxygen 

intermediates, impairing antigen presentation by macrophages and affecting the 

subsequent generation o f an acquired immune response. Infection o f the host normally 

results in the augmentation o f immune responses, accompanied by the generation of 

inflammatory cytokines. These soluble factors instruct immune cells to clear infection, 

however, several pathogens have developed strategies for immune ‘silencing’ by 

disrupting host cell cytokine signalling pathways.

Previous results from our laboratory have demonstrated that FHA, which is 

secreted by B. pertussis during infection, induces lL-10 production from macrophage and 

DC, and may represent an immunomodulatory mechanism utilised by the bacterium to 

inhibit pro-inflammatory responses. IL-10 inhibits IL-12 production by activated 

macrophages and DC, suppressing the initial signal necessary for the initiation o f Thl 

responses in the host (Chapter 6, McGuirk et al., 1998, Macatonia et al., 1993, Buelens et 

a l,  1995). Most o f the anti-inflammatory capabilities o f IL-10 have been attributed to its 

ability to activate the JAK-STAT pathway with specific activation o f p-STAT-3. STATs 

are latent cytoplasmic transcription factors that are activated in response to cytokine- 

receptor ligation. The interaction o f a cytokine with its respective ligand initiates the 

recruitment o f STAT monomers to the cytoplasmic domain of the receptor where they are 

tyrosine phosphorylated and form STAT dimer complexes. Activation o f JAK-1 and Tyk-
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2 kinases in response to IL-10 signalling have been implicated in the phosphorylation o f 

IL-lO-induced STAT activation (Lejeune et ah, 2002). It has been demonstrated that 

macrophages from JAK-1'^' mice respond poorly to lL-10 treatment, suggesting this 

kinase plays an important role in IL-10 signalling (Finbloon et al., 1995, Ho et al., 1999, 

Rodig et al., 1998). Once tyrosine phosphorylated, two STAT monomers form dimers 

through reciprocal phospho-tyrosine-SH2 interactions and the complex translocates to the 

nucleus, where it is serine phosphorylated by activated protein kinases. STAT-3 is 

phosphorylated on Ser-727 by JNK-1 in vitro (Lim et al., 1999). These phosphorylation 

steps are vital for gene induction, since threonine/serine kinase inhibitors block the 

transactivation potential o f STAT-3 (Wen et al., 1997, Zhang et al., 1995). Activated 

STAT complexes translocate to the nucleus, bind to STAT-specific DNA-response 

elements of target genes and regulate gene expression. Serine phosphorylation o f STAT-3 

augments its transactivation potential and recent evidence suggests that members o f the 

ERK signal transduction pathway may play a role in STAT-3 serine phosphorylation 

(Wierenga et al., 2003). In contrast, it has been suggested that ERK may negatively 

regulate STAT-3 Tyr phosphorylation by serving as a scaffolding protein that recruits 

protein tyrosine or MAP kinase phosphatases to dephosphorylate activated STAT-3 

(Booz et al., 2003).

The recruitment and activation o f STAT-3 is thought to play a vital role in 

mediating the anti-inflammatory responses o f IL-10 and it has been demonstrate that 

STAT-3 is necessary for inhibiting macrophage proliferation (O ’Farrell et al., 1998). This 

ability to inhibit macrophage proliferation has been partly attributed to the function o f IL- 

10 in enhancing the expression of the cell cycle inhibitors p i9’’̂ ’̂ '*'̂  and p2l'""’'
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(O ’Farrell, 2001). However, recent studies suggest that in addition to STAT-3 activation, 

an additional signalling pathway(s) must be initiated in order to mediate the anti

inflammatory effect o f lL-10 on macrophages (Donnelly et al., 1999, Ito et al., 1999). In 

addition, IL-10 inhibits pro-inflammatory response by inhibiting IFN-induced gene 

transcription (IP-10, ICAM-1) in human monocytes.

STAT-3 was initially identified as an acute phase response factor that was 

phosphorylated in response to IL-6 production by activated macrophages (Akira et al., 

2000, Zhong et al., 1994). lL-6 is an immunomodulatory cytokine that also utilises 

STAT-3 signalling (Kamimura et al., 2003). Alternative splicing o f the gene for STAT-3 

produces two isoforms, a 90-kDa form called STAT-3a and an 83-kDa carboxy-terminal 

truncated isoform designated STAT-3P (Ng et al., 1997). It has been demonstrated that 

STAT-3P plays a critical role in the control of systemic inflammation and may also 

suppress STAT-3a activity, providing an additional level o f control during JAK-STAT-3 

signalling pathways (Yoo et al., 2002).

The JAK-STAT signalling pathway is controlled at several levels and a group of 

intrinsic JAK inhibitors have been identified that suppress cytokine signalling. It has been 

suggested that certain suppressers o f cytokine signalling (SOCS) proteins are important 

in preventing hyper-inflammation by switching o ff pro-inflammatory cytokine signalling 

pathways (Suzuki et al., 2001). SOCS-3 is induced by various inflammatory and anti

inflammatory cytokines, including lL-6, IFN-y and IL-IO, and negatively regulates 

cytokine production (Yasakawa et ah, 2000). Interestingly, SOCS-3 has been implicated 

in negatively regulating IFN-y production and plays an important role in mediating the 

anti-inflammatory responses initiated by IL-10 (Naka et a\., 1998, Marine et al., 1999). It
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has been suggested that that SOCS-3 is regulated by STAT-3 in certain cell types, 

including human neutrophils (Casatella et al., 1995, Casatella et al., 1993 ).

It has been demonstrated that pathogens can manipulate MAPK signalling 

pathways. Three major MAP kinase signalling pathways have been identified in 

mammalian cells, ERK, p38 and JNK. Inflammatory cytokines activate p38 and JNK and 

p38 is necessary for IL-12 production by both macrophages and DC. Macrophages 

defective in p38 activation, exhibit reduced IL-12 production in response to LPS 

stimulation when compared to wild type cells (Lu et al., 1999). Interestingly, it has been 

suggested that lL-10 suppresses TNF-a production, by targeting p38 MAPK to modulate 

ARE-dependant TNF mRNA translation and may be the mechanism utilised to control 

intestinal pathology in certain models of infection (Kontoyiannis et al, 2001). ERK 

signalling pathways are instrumental in controlling cell growth and differentiation. ERK 

activation is associated with the induction o f Th2 responses in the host (Yamashita et al., 

1999) and activated ERK has been shown to enhance IL-4-induced STAT-6 

phosphorylation. In addition, there is evidence to suggest that ERK inactivation is 

associated with T cell anergy, since deficient Ras and ERK activation has been reported 

in anergized T cell clones (Li et al., 1996). In addition, ERK signalling may regulate 

TNF-a production and mice defective in ERK activation demonstrate a marked reduction 

in LPS driven TN F-a production by macrophages. It has been reported that treatment of 

macrophages with the ERK inhibitor, PD98059, suppressed LPS driven TNF-a 

production by macrophages (Dumitru et al., 2000). Interestingly, the in vitro infection of 

peritoneal macrophages with the protozoan Leismania donovani resulted in macrophage 

dysfunction, which has been attributed to increased ceramide synthesis, resulting in ERK
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dephosphorylation and the subsequent inhibition o f AP-1 and NFkB transactivation 

(Ghosh et al., 2002).

FHA has been identified as a putative immunomodulator from B. pertussis that induces 

lL-10 and suppresses IL-12 production by macrophages, potentially modulating Thl 

responses during infection (Chapter 3, McGuirk et al., 1998). The objective o f this study 

was to examine the effect o f FHA on cytokine production from DC and macrophages and 

to determine if signalling pathway activation by FHA leads to IL-10 production by 

macrophages and DC. The activation o f STAT-3 by phosphorylation at a specific 

tyrosine residue (Tyr505) and the induction o f SOCS-3 in macrophage and DC in 

response to FHA stimulation was assessed. In addition, the ability of FHA to modulate 

members o f MARK signalling pathways was assessed by investigating ERK and p38 

phosphorylation in macrophage and DC in response to FHA stimulation. These findings 

may provide an insight into the molecular signalling mechanisms utilised by FHA in 

suppressing host inflammatory responses.
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7.2 Results 

7.2.1 FHA stimulates IL-10 production and inhibits IL-12 production by BMDC.

BMDC were stimulated with FHA (5 |o,g/ml), LPS (1 |J.g/ml) LPS and IFN-y (10 |J.g/ml) 

or medium only. After 24 hrs supernatants were removed and cytokine responses were 

determined by specific immunoassay. The results demonstrate that FHA stimulates IL-10 

production and inhibits LPS-IFN-y driven IL-12 p40 and IL-12 p70 production by 

BMDC (Fig. 7.1). This finding is consistent with an earlier report ft'om our laboratory 

demonstrating that FHA regulates IL-12 production by inducing the production o f IL-10 

from stimulated macrophages (McGuirk et al., 2000).

The kinetics of IL-10 production were examined by BMDC following stimulation with 

LPS (1 |j,g/ml), FHA (5 M-g/ml, 10 |u,g/ml) or IL-6 (10 }o.g/ml) (Fig.7.1). The possible role 

o f the immunoregulatory cytokine, IL-6, in FHA-induced IL-10 was investigated by 

directly stimulating DC with lL-6. It has been shown that FHA induced production o f IL- 

6 in macrophages (Me Guirk et al., 2000) and both IL-10 and IL-6 signal through the 

activation o f p-STAT-3. LPS and FHA stimulated the production o f IL-10 from BMDC 

(Fig. 7.1). Interestingly, IL-10 production in response to lL-6 stimulation was not 

observed until 24 hr post treatment, whereas FHA-induced IL-10 was detected at 3 and 6 

hrs, suggesting that lL-6 production may be independent o f IL-6.

7.2.2 Stimulation of macrophages with FHA activates STAT-3 phosphorylation

IL-10 has been reported to inhibit antigen presentation by macrophages and to prevent 

macrophage proliferation. IL-10 induces STAT-3 phosphorylation and p-STAT-3 is 

thought to play an important role in regulating cytokine signalling in cells o f the immune
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system. Since FHA inhibits IL-12 production by macrophages and DC, I examined the 

effect o f FHA on the activation o f STAT-3 in the J774 macrophage cell line and ex vivo 

peritoneal macrophages.

FHA induces p-STAT-3 in J774 macrophages in a dose dependant manner (Fig. 7.2). Ex 

vivo macrophages obtained by peritoneal lavage were also employed to examine the 

ability o f FHA to induce p-STAT-3 in macrophages. The results demonstrate that LPS, 

lL-6, IL-10 and FHA stimulate p-STAT-3 in macrophages from the peritoneal cavity o f 

mice (Fig. 7.3). These findings suggest that FHA stimulation also induces p-STAT-3 in 

different macrophage cell types. The role o f IL-10 in FHA induced p-STAT-3 was 

examined by blocking IL-10 with a specific antibody. J774 macrophages were incubated 

with FHA (5 |j.g/ml), FHA and anti-IL-10 antibody (10 |^g/ml) or IL-10 (10 |ag/ml) (Fig. 

7.4) and cell lysates were analysed for p-STAT-3 by western blotting. p-STAT-3 was 

observed 30 min after stimulation with IL-10 and FHA and persisted for at least three 

hours. The addition o f anti-IL-10 antibody to FHA stimulated cells did not completely 

abrogate the effect. This may indicate that FHA induces p-STAT-3 in both an IL-10 

dependent and IL-10 independent manner.

7.2.3 FHA induces STAT-3 phosphorylation in DC

The DC 2.5 cell line and BMDC were used to examine the ability o f FHA to induce p- 

STAT-3 in DC. FHA induced p-STAT-3 in DC 2.5 cells in a dose dependant manner 

(Fig. 7.5). FHA activated p-STAT-3 in DC 2.5 cells within 15 min o f stimulation (Fig. 

7.6). The ability o f IL-10 to induce STAT-3 phosphorylation was more pronounced in 

DC when compared to early STAT-3 activation observed in macrophages. In addition,
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the inclusion o f  anti-IL-10 antibody to cells stimulated with FHA did not appear to 

reduce STAT-3 phosphorylation.

BM DC were also used to test the effect o f FHA on p-STAT-3 in DC and the results 

demonstrate that FHA, lL-10 and IL-6 induce p-STAT-3. Co-incubation o f  FHA with 

anti-IL-10 antibody, did not reduce STAT-3 phosphorylation (Fig. 7.7). In contrast, 

addition o f  anti-FHA antibody inhibited FHA-induced p-STAT-3. These findings indicate 

that early FHA induced p-STAT-3 is an IL-10 independent event in DC.

7.2.4 FHA induces SOCS-3 expression and inhibits STAT-1 phosphorylation in J774 

macrophages

Induction o f  SOCS-3 by lL-10 has been implicated in the suppression o f  IFN-y signalling 

pathways. The data described in Fig. 7.8(A) shows that FHA induced expression o f 

SOCS-3 in J774 macrophages in a dose dependant manner. Both IL-10 and FHA induce 

SOCS-3 expression in J774 macrophages 1-3 hours after stim ulation (Fig. 7.8B). p- 

STAT-1 is required for IFN-y signalling pathways and SOCS-3 inhibits STAT-I 

phosphorylation. Phosphorylated STAT-I was not detected in J774 m acrophages 

stim ulated with IL-10 or FHA (Fig. 7.SB). Taken together these findings suggest that 

both FHA and IL-10 induce SOCS-3, but not STAT-I phosphorylation in J774 

macrophages. However, no p-STAT-1 was detected in the IL-10 control group and may 

suggest that the assay has not worked properly.
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7.2.5 FHA induces SOCS-3 expression in DC

Induction o f  SOCS-3 by FHA was also examined in DC using the DC cell line 2.5 and 

BM DC. FHA activates SOCS-3 expression in the DC 2.5 cell line (Fig. 7.9A) and BMDC 

(Fig. 7.9B), with enhanced detection observed in DC 2.5 cells stimulated with 10 |J.g/ml 

FHA (Fig. 7.9A). BM DC were stimulated with FHA (5 |ag/ml), LPS (1 jag/ml) and lL-10 

(10 |J.g/ml) and SOCS-3 expression was m easured after 3 hrs (Fig. 7.9B). Low 

endogenous levels o f  SOCS-3 were observed when compared with basal levels observed 

in m acrophages. The level o f  SOCS induced by FHA was equal to that observed with 

LPS stim ulation and was higher than levels observed in lL-10 stimulated DC (Fig. 7.9B). 

This data provides evidence that FHA can induce SOCS-3 induction in both macrophage 

and DC populations.

7.2.6 FHA enhances p38 phosphorylation in J774 macrophages

J774 m acrophages were incubated with FHA (5 ^ig/ml), lL-10 (10 |j.g/ml), FHA and IL- 

10 or medium only for 30 min, 1 and 3 hrs. The results from this study demonstrated that 

neither lL-10 nor FHA significantly reduced p-p38 in J774 m acrophages (Fig. 7.10). 

However, p-p38 levels appear to be enhanced in cells treated with FHA and IL-10 at 1 

and 3 hours post stimulation. FHA has been shown to induce IL-10 production from 

m acrophages and DC and this finding is consistent with a putative role for p-p38 in IL-10 

production. The addhion o f  anti-lL-10 antibody to cells treated with FHA did not appear 

to  reduce FHA induced p-p38 suggesting, that FHA may induce p-p38 by an IL-10 

independent mechanism.
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7.2.7 FHA modulates endogenous p38 phosphorylation in BMDC at extended 

incubation periods.

BMDC were incubated with FHA (5 |ag/ml), LPS (1 |ag/ml), FHA and LPS or medium 

only for 1, 3 and 16 hrs. FHA did not significantly reduce endogenous p-p38, however, 

cells treated with FHA demonstrated significantly reduced endogenous p-38 

phosphorylation following 16 hrs o f culture (Fig. 7.11). Since p-p38 modulation occurs 

only 16 hrs after stimulation with FHA and LPS, it is possible that combining FHA and 

LPS indirectly modulate p-38 phosphorylation through the induction o f  regulatory 

cytokines.

7.2.8 FHA inhibits both endogenous and LPS driven ERK phosphorylation in J774 

macrophages.

ERK phosphorylation is an important event in both the initiation phase o f  innate 

immunity and the activation phase o f  adaptive immunity. The ability o f  FHA to modulate 

ERK-phosphorylation was examined by western blotting. J774 m acrophages were treated 

with FHA (5 |j.g/ml), LPS (1 fJ^g/ml, 1 pg/ml), IL-10 (10 |J.g/ml), FHA and LPS or 

medium only. The results demonstrate that FHA inhibits both endogenous and LPS 

driven p-ERK (Fig. 7.12). Interestingly, LPS levels as low as 1 pg/ml were enough to 

induce ERK phosphorylation. Treatment o f  cells with lL-10 did not reduce p-ERK, 

consistent with a documented role for p-ERK and the production o f  Th2 cytokines. These 

findings suggest that FHA inhibits p-ERK and that the mechanism involved is 

independent o f  IL-10 production.
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7.2.9 FH A inhibits ERK  phosphorylation in BMDC

In order to determ ine if FHA could also modulate p-ERK in BM DC, cells were treated 

with FHA (5 fag/ml), LPS (1 i^g/ml) or FHA and LPS and p-ERK was measured by 

western blotting (Fig. 7.13). The results demonstrate that FHA inhibits endogenous p- 

ERK up to sixteen hours post treatment. However, LPS stimulation o f cells did not 

significantly enhance p-ERK when compared with the unstimulated cell control. 

Suppression o f  p-ERK activation suggests that FHA may globally regulate ERK 

activation in cells o f  the innate immune system. The mechanism by which FHA 

modulates ERK activation has not been addressed, but since FHA is capable o f  

m odulating endogenous levels o f  activation, it is possible that FHA may up-regulate a 

key phosphatase involved in MAPK dephosphorylation.

7.2.10 Inhibition o f p-ERK in BM DC using the ERK inhibitor PD98059

The ERK inhibitor, PD98059, was used to determine if  p-ERK inhibition modified 

cytokine production in LPS stimulated BMDC. BM DC were incubated with the inhibitor 

at a range o f  concentrations for one hour (0-50 fimolar). BM DC were then stimulated 

with LPS (1 ng/m l) and cytokine production in the supernatants was determined at 3, 6 

and 24 hr post treatm ent. ERK phosphorylation in stimulated cells was determined by 

western blotting. The results demonstrate that the ERK inhibitor suppressed ERK 

phosphorylation at 3 hr and inhibition is more pronounced after longer incubation periods 

(Fig. 7.14). The ERK inhibitor does not appear to be toxic up to 6 hr, however, there is 

evidence to suggest that cell viability is reduced after longer incubation periods (Fig. 

7.15A). The resuhs suggest that inhibition o f  ERK phosphorylation results in enhanced
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IL-12 p70, lL-12 p40 and T N F -a  production by LPS stimulated BMDC (Fig. 7.15B). 

Incubation o f  BMDC with the ERK inhibitor did not significantly affect IL-10 production 

by LPS stimulated DC, however, the data suggest that low doses o f  ERK inhibitor may 

modify IL-10 production 3 hr after incubation.
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7.3 Discussion

Pro-inflammatory responses are essential mechanisms utilised by the host for eradicating 

microbial infections. Inflammatory responses are tightly regulated and loss of control can 

result in serious pathological conditions, such as rheumatoid arthritis, Crohn’s disease 

and septic shock (Feldmann et al., 1998). The host employs several mechanisms to insure 

regulation o f immune responses during infection and cytokines play a pivotal role in 

these processes. Chapter 6 demonstrated that IL-10 is an important anti-inflammatory 

cytokine and loss o f  lL-10 function results in enhanced IFN-y and lL-12 production. In 

addition, FHA induces lL-10 production by macrophages and DC in vitro and suppresses 

pro-inflammatory responses (McGuirk et al., 1998). lL-10 signals through the 

JAK/STAT pathway and p-STAT-3 is necessary to mediate the anti-inflammatory effects 

of lL-10 (Denys et al., 2002, Yamaoka et al., 1999). The objective o f this study was to 

identify signalling pathways utilised by FHA and to determine the role o f lL-10 in the 

induction o f these pathways. These findings demonstrate that FHA up-regulates anti

inflammatory signalling components, such as STAT-3 and SOCS-3 that may inhibit pro- 

inflammatory responses. In addition, FHA was shown to suppress ERK activation, 

suggesting a mechanism by which FHA may alter normal macrophage function.

Like the immunomodulatory cytokine IL-10, FHA induced p-STAT-3 in 

macrophages and DC. This activation is dose dependant with increasing STAT-3 

phosphorylation observed with increased concentrations o f FHA. However, IL-10 

induces phosphorylation much earlier than FHA in macrophages, with elevated levels in 

response to IL-10 stimulation detectable 1-hour post treatment. In contrast, FHA-induced 

p-STAT-3 was not detectable in macrophages until after 3 hours. These findings suggest
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that FHA-induced lL-10 may need to reach a critical level before STAT-3 can become 

phosphorylated. However, the addition o f  anti-lL-10 antibody to FHA treated cells did 

not completely abrogate the effect, suggesting that FHA may also induce p-STAT-3 

through an IL-10 independent mechanism. FHA also induced STAT-3 phosphorylation 

in peritoneal m acrophages, however, p-STAT-3 induction was less pronounced than in 

the J774 m acrophage cell line. This may reflect differences in receptor density expression 

or specificity for IL-10 or FHA on the cell surface or subtle differences in the signalling 

pathways initiated by receptor ligation. However, it may also reflect the heterogeneous 

cell population used when isolating peritoneal m acrophages (-8 0 %  purity), compared to 

the homogenous J774 macrophage cell line.

FHA induces STAT-3 phosphorylation in a DC line (DC 2.5) and BMDC in a 

dose dependant manner. Although, the effect was not as pronounced as that observed in 

macrophages, the addition o f  anti-IL-10 antibody did not appear to reduce STAT-3 

phosphorylation in DC in response to FHA stimulation. FHA induces IL-6 production by 

macrophages and DC and the IL-6 signalling cascade is similar to that utilised by IL-10. 

This may suggest that STAT-3 phosphorylation in the absence o f  IL-10 may result from 

FHA-stimuIated IL-6 production. However, IL-6 induced IL-10 occurs slowly unlike 

FHA-induced IL-10. Higher basal levels o f  p-STAT-3 were observed in DC when 

compared to macrophages and high IL-10 production was observed in untreated BMDC. 

This may be explained in part by studies demonstrating that IL-10 is a critical cytokine 

that blocks the maturation o f  DC, and immature monocyte derived DC have been shown 

to release small but sizeable amounts o f  IL-10 that increases after stim ulation with LPS 

(Corinti et al., 2001). In addition, significant activation o f  STAT-3 phosphorylation was
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detected in BMDC during the early stages o f differentiation. This basal level o f lL-10 

may be responsible for the phosphorylation o f STAT-3 in medium treated DC.

In addition to the signals required for the activation of the JAK/STAT pathway, 

additional counter-regulative mechanisms have been identified that switch off 

JAK/STAT mediated cytokine signalling (Irie-Saski et al., 2001). SOCS proteins have 

been identified as cytokine inducible negative regulators o f JAK/STAT signalling. 

SOCS-3 is induced by lL-10 and may inhibit IFN-y signalling and GM-CSF induced 

phosphorylation o f STAT proteins (Dalpke et al., 2001). The J774 macrophage cell line 

was stimulated with IL-10 or FHA to determine if this pathogen derived stimulant could 

induce SOCS-3. FHA enhanced SOCS-3 induction in macrophages at 1 and 3 hr post 

stimulation; this induction was observed in a dose dependant manner. Interestingly, the 

addition o f anti-IL-10 antibody almost completely abrogated the effect, indicating that 

FHA may stimulate IL-10 production which results in the induction o f SOCS-3. This 

ability o f FHA to induce SOCS-3 production may play an important role in its ability to 

suppress pro-inflammatory responses in vitro.

Induction of p-STAT-1 is primarily associated with IFN-y signalling pathways; 

however, p-STAT-1 has also been detected in response to IL-10 stimulation, when 

present as a component o f a STAT-3-STAT-1 heterodimer. This study demonstrated that 

STAT-I phosphorylation was undetectable up to three hours post stimulation with IL-10 

or FHA in the J774 macrophage cell line and may coincide with elevated SOCS-3 

production in these cells.

Taken together these findings indicate that FHA may mediate its anti

inflammatory activities through both IL-10 dependant and IL-10 independent signalling
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pathways. Many o f the natural receptors for FHA are integrins that facilitate FHA 

binding via the RGD m otif A study o f the signalling pathways initiated in response to 

P2-integrin engagement in monocytes have demonstrated that cross-linking of 

CD 11 a/CD 18 and C D llb /C D lS  integrins results in the activation o f signalling 

intermediates that activate STAT-3 by serine phosphorylation (McGilvray et al., 1998). 

Therefore, the ability o f FHA to bind to integrin receptors on the surface o f cells may 

initiate an intracellular signalling pathway resulting in the subsequent activation of 

STAT-3 and this may in part provide evidence for the induction o f a STAT-3 signalling 

cascade that is independent o f IL-10 activation.

The effect o f FHA and IL-10 on the phosphorylation o f p38 was investigated in 

J774 macrophages and the results demonstrate that IL-10 and FHA do not suppress p38 

phosphorylation, but may enhance its phosphorylation compared to background levels in 

unstimulated (but cultured) cells, indicating a potential requirement for p-p38 in FHA and 

IL-10 signalling. These findings are consistent with recent evidence demonstrating that 

p38 phosphorylation is necessary for IL-10 production (Ma et al., 2001). Similarly, an 

analysis o f p38 phosphorylation in BMDC demonstrated enhanced activation 3 hr post 

stimulation with FHA; however, prolonged treatment resulted in reduced phosphorylation 

when compared to levels in unstimulated or LPS stimulated DC. In addition, LPS- 

induced p38 phosphorylation was completely abrogated in DC 16 hr following co

incubation with FHA. This is consistent with previous findings from this study 

suggesting that FHA may differentially modulate signalling pathways initiated in 

different ARC populations.
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In contrast, FHA was shown to inhibit endogenous ERK activation in both DC 

and macrophages. Since FHA is capable o f reducing background/endogenous ERK 

phosphorylation, it is possible that FHA may be capable o f upregulating phosphatases 

involved in ERK inactivation. Interestingly, co-incubation of BMDC with the ERK 

inhibitor enhanced LPS-driven inflammatory cytokine production. However, in a study 

investigating the in vivo infection o f peritoneal macrophages with Leishmania donovani, 

it was demonstrated that macrophage dysfunction was related to p-ERK 

dephosphorylation, resulting in the inhibition o f NO production, AP-I and NFkB 

transactivation. These processes are instrumental in the initiation o f pro-inflammatory 

responses and are vital in reducing the pathogen burden in infected cells (Ghosh et al., 

2002). Inhibition o f p-ERK by FHA may therefore represent a strategy utilised by the 

bacterium to modulate host immune responses by inducing immune silencing in infected 

macrophages.
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Fig 7.1 FHA stimulates IL-10 production and inhibits IL-12 production by BMDC.

(A) BM DC were incubated with medium only, FHA (5 |J.g/ml), LPS (1 |ig/m l), LPS and 

IFN-y (10 |J.g/ml) or FHA, LPS and IFN-y for 24 hr at 37°C. Supernatants were assayed 

for IL-10, IL-12 p40 and IL-12 p70 production by specific immunoassay. (B) BMDC 

were incubated with medium only, LPS (1 (Jg/ml) FHA (5 ^xg/ml or 10 |j,g/ml) or lL-6 (10 

(ag/ml). Supernatants were removed after 3, 6 and 24 hr and assayed for IL-10 production 

by specific immunoassay. Results represent the mean result from triplicate wells (+/- SE).
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Fig. 7.2 FHA stimulates STAT-3 phosphorylation in J774 macrophages in a dose 

dependant manner.

J774 cells (Ix loV m l) were incubated with different concentrations o f  FHA (0, 1.25, 2.5, 

5.0, 10.0 |o.g/ml). Total cell lysates were isolated after 3 hr and analysed by western 

blotting for total STAT-3 and p-STAT-3.
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Fig. 7.3 FHA stimulates STAT-3 pliosphoryiation in peritoneal m acrophages isolated 

from naive BALB/c mice.

Peritoneal macrophages from BALB/c mice (5.0x10^/ml) were incubated with medium 

only, LPS (1 |xg/ml), FHA (5 fxg/ml), IL-10 (10 (^g/ml) or IL-6 (10 }ig/ml). Total cell 

lysates were isolated after 3 hr and analysed by western blotting for total and 

phosphorylated STAT-3 Results are representative o f  two experiments.
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Fig. 7.4 Role o f IL-10 in FHA stimulated STAT-3 phosphorylation in J774 macrophages. 

J774 cells (IxlO^/ml) were incubated with medium only, FHA (5 |xg/ml), IL-10 (10 

|j,g/ml) or FHA and a-lL-10 antibody (10 jag/ml). Total cell lysates were analysed after 

30 min, 1 hr and 3 hr for STAT-3 and p-STAT-3 by western blotting Results are 

representative o f two experiments.
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Fig. 7.5 FHA stimulates STAT-3 phosphorylation in DC in a dose dependant manner. 

DC 2.5 cells (IxlO^/ml) were incubated with different concentrations o f FHA (0, 1.25, 

2.5, 5.0, 10.0 |j,g/ml). Total cell lysates were isolated after 3 hr and analysed by western 

blotting for total STAT-3 and p-STAT-3.
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Fig. 7.6 Role o f lL-10 in FHA stimulated STAT-3 phosphorylation in DC 2.5.

DC 2.5 cells (1 .OxlO^/ml) were incubated with medium only, FHA (5 |J.g/ml), IL-10 (10 

|j.g/ml) or FHA and anti-IL-10 (10 |ig/ml). Total cell lysates were isolated after 15 min 

and analysed by western blotting for total and phosphorylated STAT-3 Results are 

representative of two experiments.
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Fig. 7.7 Role o f lL-10 in FHA stimulated STAT-3 phosphorylation in BMDC.

BMDC ( l . O x l o V m l )  were incubated with medium only, FHA (5 |ag/ml), lL-10 (10 

P-g/ml), lL-6 (10 ^g/ml) FHA and anti-IL-10 antibody (10 fig/ml), or FHA and anti-FHA 

antibody (50 }xl/well). Total cell lysates were isolated after 15 min and analysed by 

western blotting for total and phosphorylated STAT-3 production. Results are 

representative of two experiments.
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Fig. 7.8 Effect o f  FHA on STAT-1 phosphorylation and SOCS-3 induction in J774 

macrophages.

(A) J774 cells (IxlO^/ml) were incubated for 3 hr with different concentrations o f FHA 

(0, 1.25, 2.5, 5, 10 jig/ml). (B) J774 cells were incubated with medium only, FHA (5 

|j.g/ml), IL-10 (10 M.g/ml) or FHA and a-IL -10  antibody (10 |J.g/ml) for 30 min, 1 and 3 

hr. Total cell lysates were isolated at indicated time points and analysed by western 

blotting for SOCS-3 and/or p-STAT-1 production
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Fig. 7.9. FHA induces SOCS-3 in DC.

(A) DC 2.5 cells (IxlO^/ml) were incubated with different concentrations o f FHA (0, 1.25, 

2.5, 5.0, 10.0 |xg/ml) (B) BMDC (IxlO^/ml) were incubated with medium only, FHA (5 

|o.g/ml), LPS (1 M-g/ml) or IL-10 (10 |j,g/ml). Total cell lysates were isolated after 3 hr and 

analysed by western blotting for SOCS-3 induction.
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Fig. 7.10 Effect o f FHA on the phosphorylation o f p38 in i l l  A macrophages. 

i l l  A cells (IxlO^/ml) were incubated with medium only, FHA (5 |ig/ml), lL-10 (10 

|o.g/ml) or FHA and a-IL-10 antibody (10 |xg/ml) for 30 min, I or 3 hr. Total cell lysates 

were analysed by western blotting for total p38 and phosphorylated p38
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Fi g 7.11 Effect o f  FHA on p38 phosphorylation in BMDC.

Cells (Ix loV m l) were incubated with medium only, FHA (5 (xg/ml), LPS (1 |ag/ml) or 

FHA and LPS for 1, 3, 6 and 16 hr. Total cell lysates were analysed by western blotting 

for total p38 and p-p38 M -medium, F-FHA, L-LPS.
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Fig. 7.12. FHA inhibits both endogenous and LPS driven ERK phosphorylation in 

macrophages.

J774 cells (IxlO^/m l) were incubated with medium, FHA (5 |xg/ml), LPS (1.0 M-g/ml or 

1.0 pg/ml), FHA and LPS (1 |xg/ml) or IL-10 (10 |o.g/ml) for 3 hr. Total cell lysates were 

isolated and analysed by western blotting for total ERK and p-ERK
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Fig. 7.13 Effect o f  FHA on ERK phosphorylation in DC.

BMDC (IxlO^/m l) were incubated with medium only, FHA (5 |o,g/ml), LPS (1 |ag/ml) or 

FHA and LPS. Total cell lysates were isolated after 1, 3, 6 and 16 hrs and analysed by 

western blotting for total and p-ERK.
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Fig. 7.14 The ERK inhibitor, PD98059, inhibits LPS induced ERK phosphorylation in a 

dose dependant m anner in DC.

BMDC (1.5xlO^/ml) were incubated with different concentrations o f  the ERK inhibitor 

(0.05, 0.5, 10, 50 lamolar) or medium only (0) for 1 hr. LPS (1 |ag/ml) was added to wells 

and total cell lysates were isolated after 3, 6 and 24 hr and analysed by western blotting 

for total and p-ERK.
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Fig. 7.15. Effect o f  the ERK inhibitor, PD98059, on LPS-induced cytokine production in 

DC.

BMDC (1.5xl0^/m l) were incubated with different concentrations o f  the ERK inhibitor 

(0.05, 0.5, 10, 50 i^molar) or medium alone (0) for 1 hr. LPS (1 |xg/ml) was then added to 

wells for 3, 6 and 24 hr (A) Cells were stained with ethidium bromide to assess cell 

viability and the percentage o f  viable cells per total cell population was calculated. (B) 

Supernatants were collected and assayed for cytokine production by specific 

immunoassay. Results represent means from triplicate wells (+/- SE).
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8.0 Discussion

Infection o f children with B. pertussis results in a protracted and severe disease, that is 

often accompanied by the development o f secondary infections. Until recently it was 

assumed that B. pertussis was a non-invasive respiratory pathogen and protective 

immunity was mediated primarily by humoral immune responses. Passive immunization 

experiments in mice have demonstrated that B. pertussis- specific antibodies can confer 

protection against B. pertussis (O dae/ al., 1984, Mills et al., 1998a, Mills et al., 1998b). 

However, a significant rise in antibody titre is only observed during the convalescent 

phase o f B. pertussis infection, when the bacterial load is almost cleared (Mills et al., 

1993), suggesting that an addhional immune mechanism may play a more important role 

in eliminating bacteria during acute infection.

it has been demonstrated that B. pertussis can invade and survive within host 

cells, in addition to the previously documented extra-cellular modes o f survival (Cheers 

and Gray, 1969). The ability o f B. pertussis to survive and proliferate within mammalian 

cells is consistent with evidence suggesting that, in addition to humoral immunity, 

cellular immunity may be important in clearance o f B. pertussis in mice (Mills et al., 

1993a). The induction and activation of B- per^w^'^w-specific T cells during infection have 

been implicated in conferring protection and PT- and FHA-specific CD4^ T cell clones 

have been generated from the peripheral blood o f children and adults recovering from 

pertussis (Mills et al., 1998b, Redhead et al., 1993, De Magistris et al., 1989, De 

Magistris et al., 1988). In addition, these T cells produced significant levels o f B. 

pertussis-s^QcxTxc IFN-y but not IL-5 (Ryan et al., 1998) and suggests that although 

antibody production may be important in neutralising toxins, the activation o f Thl

236



responses may be required to limit dissemination o f the disease. Furthermore, T cells 

isolated from the spleens of convalescent mice proliferate in response to heat inactivated 

B. pertussis and secrete cytokines indicative o f a Thl response (Redhead et al., 1993).

The adoptive transfer o f these T cells into athymic mice, that lack functional T cells, 

restored the ability o f these mice to clear B. pertussis from infected lungs, supporting a 

role for cell-mediated immunity during pertussis.

Interestingly, local T cell responses are suppressed during the acute phase o f B. 

pertussis infection (Me Guirk et a i ,  1998) and suggest that properties of this bacterium 

may modulate protective immune responses. A number o f B. pertussis virulence factors 

have been identified that modulate host immunity and include FHA, a primary adhesion 

molecule that is expressed during the acute phase o f infection and permits bacterial 

colonisation o f the mucosa. Results for this study and previous data generated from our 

laboratory have demonstrated that FHA induces IL-10 production from macrophages and 

DC, resulting in the inhibition o f IL-12 production (Me Guirk et al., 2002). IL-12 is an 

important immunoregulatory cytokine that stimulates IFN-y production by NK cells and 

T cells and instructs the differentiation o f Thl cells from naive T cells. IL-12 production 

by cells o f the innate immune system and the consequent induction o f Thl responses has 

been implicated in conferring resistance against intracellular pathogens, such as Listeria 

monocytogenes. Brucella abortis and Toxoplasma gondii (Miller at al., 1996, Gazzinelli 

et al., 1993, Afonso et al., 1994). A number o f microbes, including Leishmania major, 

have a reduced ability to stimulate IL-12 production by innate immune cells with a 

consequent suppression o f Thl responses (Carrera e? a/., 1996, Chougnet e? a/., 1996, 

Karp et al., 1996). However, results generated in this study demonstrated that the absence
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o f FHA in a FHA' mutant bacteria did not result in a significant enhanced systemic 

immune response in infected mice. On the contrary, Thl and Th2 responses were higher 

in mice infected with wild type B. pertussis when compared with mice infected with the 

FHA' mutant bacteria. However, the lower immune responses in mice infected with the 

FHA' mutant bacterium most probably reflect the decreased bacterial burden in the lungs 

o f infected mice, as a result o f loss o f the adhesion factor. This finding is consistent with 

results generated from cellular adherence assays, demonstrating that FHA' mutant 

bacteria have a reduced capacity to bind to human pulmonary epithelial cells when 

compared with wild type B. pertussis. It has been demonstrated that FHA-mediated 

attachment o f bacteria to mammalian cells, is cell type dependant and that fimbriae are 

important for binding to the tracheal epithelium, whereas FHA expression is necessary 

for lung colonisation (van den Berg et al., 1999a, van den Berg et al., 1999b). In contrast, 

there was some evidence to suggest that FHA modulated local immune responses, 

consistent with previous findings, suggesting a compartmentalisation o f the immune 

response during infection with B. pertussis (Me Guirk et al., 1998). This finding is 

consistent with data demonstrating that pulmonary DC produce higher levels o f IL-10 

when compared with splenic DC.

This study also assessed the ability o f FHA to modulate immune responses to co

injected antigens during vaccination. The use o f combination vaccines simplify paediatric 

immunization programs and have the potential to increase compliance and cost- 

effectiveness by decreasing the number o f injections needed to immunise a child. 

Combination paediatric vaccines are effective in conferring protection in children, 

however, recent evidence suggests that the level o f protection afforded may decline with
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increasing numbers o f vaccine components (Bell et a l ,  1999a, Bell et a l, 1999b, 

Blumberg et al., 1990). It has been suggested that reduced protection in vaccinated 

individuals, may result from modulation o f immune responses by molecules of 

combination vaccines. Reduced anti-Hib and Polio antibody responses have been 

reported when Pa is present in Dip-Tet Hib and Polio combination vaccines (Rennels et 

al., 2000, Lee et al., 1999). In addition, immune responses to diphtheria are reduced in 

recipients o f DipTet-Pa vaccines, when compared to those immunised with DipTet-Pw 

(Miller et al., 1997). It has been suggested that FHA, present as a purified component of 

Pa, in the tri-component Dip-Tet Pa vaccine, may suppress protective immune responses 

to other components o f the combination vaccine in immunized individuals. Findings from 

this study demonstrated that Pw enhanced Thl responses and IgG production in mice co

immunised with the DipTet vaccine. Conversely, vaccination with Dip-Tet Pa generated 

Thl-Th2 responses in immunized mice. Interestingly, this data suggests that the inclusion 

of B. pertussis components in combination vaccines may abrogate interference associated 

with the inclusion o f Hib polysaccharides and may enhance protective immunity in the 

host.

DC are professional antigen presenting cells, that can influence the nature o f T 

cell response during infection. Certain microbial components may interact with DC and 

influence the development o f distinct DC subsets that influence the development of 

polarised Th responses. (Palucka et al., 2002). Our laboratory has previously 

demonstrated that FHA can influence the development o f T cell subsets and FHA- 

specific Tr cells have been isolated at mucosal surfaces during acute infection with B. 

pertussis, that suppress protective Thl responses in vivo and in vitro (McGuirk et al..
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2002). Results from this study demonstrated that pulmonary and splenic DC were 

phenotypically and functionally distinct and the two DC populations demonstrated 

strikingly different patterns o f co-stimulatory marker expression and cytokine production 

following stimulation with known bacterial and parasitic immunomodulators. In general, 

pulmonary DC produced low levels o f Inflammatory cytokines in response to stimulation 

with immunomodulators. In contrast, higher IL-10 production was detected in 

unstimulated DC and FHA treated pulmonary DC. These findings suggest that pulmonary 

DC produce significantly elevated levels of anti-inflammatory cytokines, which may be a 

strategy to prevent excessive inflammation in an organ continually exposed to innocuous 

antigen. Pulmonary DC have been shown to stimulate the development o f CD4^ Trl cells 

that produce significant amounts o f IL-10 and suppress ThI responses (Akbari et a i ,  

2001). Although results from this study did not conclusively demonstrate that DC 

isolated from distinct tissues influence the polarisation o f naive T cells, there was some 

evidence to suggest that pulmonary DC modulated with FHA enhanced IL-10 production 

by antigen stimulated T cells. Collectively, data generated from this study demonstrates 

that the type o f immunomodulation, in addition to the site o f infection, influences the 

immune response generated.

IL-10 production by pulmonary DC may be the mechanism used to limit 

inflammatory responses in the lung during acute infection with B. pertussis (McGuirk et 

al., 1998). IL-10 has been identified as an important anti-inflammatory cytokine, that 

limits chronic inflammation in the lung and inhibits a wide range o f inflammatory 

cytokines including IL-I2, IFN-y, TNF-a, IL -lp  and IL-6 (Armstrong et al., 1996, 

Cassatella et al., 1993, Fiorentino et al., 1991). It has been suggested that FHA-specific
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IL-10 production by macrophages and DC may suppress Thl responses, resulting in 

bacterial persistence in the host. The results from the present study demonstrated that loss 

o f IL-10 regulation during B. pertussis infection in IL-10'^' mice resulted in significantly 

enhanced systemic and local pro-inflammatory responses. Interestingly, this enhanced 

pro-inflammatory response was associated with delayed bacterial clearance and probably 

reflects lung pathology and a physical inability to clear the bacteria due to damage to 

ciliated epithelial cells in the trachea.

Most of the anti-inflammatory properties o f IL-10 result from the activation o f the 

JAK/STAT signalling pathway, which regulates cytokine production (Lai et al., 1996). 

Binding o f the IL-10 receptor by IL-10 activates a signalling pathway that results in 

STAT-3 phosphorylation, an important signalling molecule, implicated in the inhibhion 

o f  IFN-y responses (Wehinger et al., 1996). The results from the present study show that 

FHA, like IL-10, induced p-STAT-3 in macrophages and DC. Furthermore, the addition 

o f  anti-lL-10 antibody to FHA treated cells did not completely abrogate the effect. These 

findings suggest that activation o f p-STAT-3 by FHA, may result from IL-10 dependant 

and IL-10 independent mechanisms. However, our laboratory has previously reported 

that FHA induces IL-6 production from macrophages (Me Guirk et al., 2000), a cytokine 

also shown to utilise p-STAT-3 signalling. Therefore, it cannot be assumed that p-STAT- 

3 activation in response to FHA stimulation is a cytokine independent event. Future 

experiments should investigate FHA induced p-STAT-3 activation in the presence of 

anti-IL-6 antibody. FHA and IL-10 were also shown to induce SOCS-3. SOCS-3 acts as a 

negative regulator o f IFN-y STAT-1 signalling pathways (Naka et al., 1998, Marine et 

al., 1999, Moore et al., 2001). The addition o f anti-IL-10 antibody to FHA treated cells
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reduced SOCS-3 to background levels, indicating that SOCS-3 induction by FHA is an 

lL-10 mediated event. In addition, results from this study demonstrated that FHA 

inhibited ERK activation, a signalling intermediate of a MAPK kinase signalling 

pathway. Interestingly, ERK activation is associated with the induction o f Th2 responses 

(Yamashita et al., 1999), however, other investigators have demonstrated that ERK 

inactivation is associated with the development of T cell anergy (Li et al., 1996). It has 

been suggested that increased ceramide synthesis in cells infected with L. donovani 

results in ERK dephosphorylation and reduced transactivation o f AP-1 and NFkB leading 

to impaired macrophage-antigen presenting ability (Ghosh et al., 2002). Findings from 

this study suggest that inhibition o f ERK phosphorylation by FHA may interfere with 

inflammatory responses by macrophage and DC and as a consequence may modify the 

generation o f the subsequent immune response. Interestingly, inhibition of LPS driven 

ERK activation with PD98059 enhanced IL-12 p40 and IL-12 p70 production by DC and 

probably reflects a degree of redundancy between components o f signalling pathways.

In conclusion, this study suggests that FHA may modulate local immune 

responses in mice infected with B. pertussis. This suppression o f the immune response 

may reflect enhanced IL-10 production by FHA-stimulated DC and macrophages. 

Furthermore, loss o f IL-10 regulation results in an enhanced inflammation during 

infection and emphasises the importance o f this immunoregulatory cytokine in regulating 

immune responses during infection. In addition, this study has shown that FHA utilises 

JAK/STAT signalling pathways that are involved in the suppression o f Thl responses. 

Furthermore, FHA inhibition o f ERK activation suggests that FHA may employ a multi

faceted approach in order to modulate Th responses during infection with B. pertussis.
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