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ABSTRACT 

The purpose of these studies was to evaluate the role of upper and lower 

respiratory immune responses during immunization against respiratory disease antigens, 

and to characterize which immune responses contribute to protection in the respiratory 

tract during infection. After nasal immunization, antigen-specific lgA antibody forming 

cells dominated throughout the respiratory tract. However, IgG responses were 

significant in lungs, but not in nasal passages. Furthermore, parenteral immunization did 

not enhance humoral immunity in the upper respiratory tract even after a nasal challenge, 

whereas extrapulmonary lymphoid responses enhanced responses in the lung. After nasal 

immunization, inflammatory reactions developed within the lungs of mice, but not in 

nasal passages. Lowering dosages of CT reduced, but did not eliminate, these adverse 

reactions without compromising imrnunogenicity. Serum IgE responses were also 

enhanced in a dose dependent manner by inclusion of CT. 

During infection, mRNA expression for IL-4 was greater in the nasal passages, 

while both mRNAs for IL-4 and IFN-y were increased in the lungs. As well, we found 

increased mycoplasma organisms in the lungs of IFN-'(1" mice, suggesting a protective 

role for cell-mediated immunity in the lung. In contrast, IL-4"'· mice had greater 

mycoplasma organisms in the nasal passages, indicating IL-4 responses are crucial for 

upper respiratory tract protection. 

Consistent with antigen deposition, nasal inoculation with 10 f.Ll volume of 

antigen plus CT resulted in significant lgA responses in the nasal passages compared to 



... , 

mice given 24 J.d immunizations; however, lower respiratory tract immunizations 

generated antibody responses in both nasal passages and lungs. In addition, both 

immunizations resulted in equivalent serum antibody responses. Upper and total 

respiratory tract immunizations provided protection in the nasal passages when CT was 

added. However, in the lung, all immunizations resulted in protection against 

mycoplasma infection, regardless of the inclusion of CT, suggesting a different role for 

CT as an adjuvant in upper and lower respiratory tract immune protection. In conclusion, 

we found immune responses generated during immunization and infection are different 

between the upper and lower respiratory tracts, and the contribution of these responses to 

clearance of respiratory infection differs . 



IMMUNE AND INFLAMMATORY RESPONSES DIFFER BETWEEN THE UPPER 

AND LOWER RESPIRATORY TRACT 

Lisa M. Hodge, B.S. 

APPROVED: 

Chair, Department fMolecular Biolo 

~~o~Sciences 



IMMUNE AND INFLAMMATORY RESPONSES DIFFER BETWEEN THE UPPER 

AND LOWER RESPIRATORY TRACT 

DISSERTATION 

Presented to the Graduate Council of the 

Graduate School of Biomedical Sciences 

University ofNorth Texas 

Health Science Center at Fort Worth 

in Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PIDLOSOPHY 

Lisa M. Hodge, B.S. 

Fort Worth, Texas 

May2001 



ACKNOWLEDGMENTS 

I would like to thank the members of my graduate committee, Drs. Jerry Simecka, 

Ronald H. Goldfarb, Porunelloor Mathew, Stephen Grant, Nancy Street and Dan 

Dimitrejevich for their guidance during my education. I'd like to give special thanks to 

my major professor, Jerry Simecka, for giving me the opportunity to train in his . 
laboratory and for encouraging and monitoring my growth as a scientist. As well, I 

appreciate the efforts of Ronald H. Goldfarb during my search for a post-doctoral 

position. 

In addition, I would like to acknowledge the American Society for Microbiology 

and the journal Infection and Immunity for allowing me to use the copyright for Article # 

W 1502-00 "IgA responses and lgE associated inflammation along the respiratory tract 

after mucosal but not systemic immunization" as chapter II in my dissertation. 

I would also like to express gratitude to the members of my lab, especially Leslie 

Tabor and Harlan Jones for their help during experiments, and providing an enjoyable 

working environment. Without them this journey would have taken much longer. 

Finally, I would like to thank my husband, Scott McPherson, for his friendship, 

patience and confidence in me over these years; and my parents, Ken and Janie Hodge, 

for their advice and love throughout my life. Finally, I would like to thank all of my 

pubmates for listening to me on days of good and bad experiments, and making me laugh 

through it all. 



........ 

TABLE OF CONTENTS 

Page 

LISTOFTABLES ................................................................................. iv 

LIST OF ILLUSTRATIONS ...................................................................... v 

Chapter 

I. INTRODUCTION ........................................................................ 1 

II. lgA RESPONSES AND lgE ASSOCIATED INFLAMMATION ALONG 

TIIE RESPIRATORY TRACT AFTER MUCOSAL BUT NOT 

SYSTEMIC IMMUNIZATION ................................................ 12 

ill. THE EFFECTIVENESS OF INTERLEUKIN·4 (IL·4) AND INTERFERON· 

y-MEDIATED RESPONSES IN CONTROLLING MYCOPLASMA 

PULMONIS INFECTION DIFFER BETWEEN THE UPPER AND 

LOWER RESPIRATORY TRACTS .......................................... 58 

IV. THE ROLE OF UPPER AND LOWER RESPIRATORY TRACT 

IMMUNITY IN RESISTANCE TO RESPIRATORY 

MYCOPLASMOSIS ............................................................. 85 

V. DISCUSSION .............................................................. . ......... 111 

REFERENCES .................................................................................... 120 

ii 



TABLE OF CONTENTS 

Page 

LISTOFTABLES ................................................................................. iv 

LIST OF ILLUSTRATIONS...................................................................... v 

Chapter 

I. INTRODUCTION ........................................................................ 1 

II. IgA RESPONSES AND IgE ASSOCIATED INFLAMMATION ALONG 

THE RESPIRATORY TRACT AFTER MUCOSAL BUT NOT 

SYSTEMIC IMMJJNIZATION ................................................ 12 

III. THE EFFECTIVENESS OF INTERLEUKIN-4 (IL-4) AND INTERFERON

y-MEDIATED RESPONSES IN CONTROLLING MYCOPLASMA 

PULMONIS INFECTION DIFFER BETWEEN THE UPPER AND 

LOWER RESPIRATORY TRACTS .......................................... 58 

IV. THE ROLE OF UPPER AND LOWER RESPIRATORY TRACT 

IMMUNITY IN RESISTANCE TO RESPIRATORY 

MYCOPLASMOSIS ............................................................. 85 

V. DISCUSSION ........................................................................ 111 

REFERENCES .................................................................................... 120 

ii 



LIST OF TABLES 

Table Page 

CHAPTER II 

1. Numbers of antibody forming cells (AFC)/1 x 106 cells 

from naive mice ................... . . . ........ . .. . ....................................... .. . 39 

2a. Number of influenza-specific AFC/1 x 106 cells from mice 

after intranasal immunization using the mucosal adjuvant, 

cholera toxin ccn .......................................................................... 40 

2b. Total number of influenza-specific AFC from each tissue 

obtained from mice after intranasal immunization using 

the mucosal adjuvant, cholera toxin (CT) .......... . ................................... .41 

3. Immunization protocols used in this study .......... . ..... . ............ . .... . .......... 42 

4. Number of influenza-specific AFC/1 x 106 cells from each 

tissue obtained from mice after intranasal immunization ......... . ........... . ....... 43 

S. Percentage ofluciferase distribution following intranasal 

inoculation ............................................. . . . ................................... 44 

CHAPTER III 

1. Primers for detection ofiL-4 and IFN-y mRNA by RT-PCR. . . ... . .... .. . . ......... 73 

CHAPTER IV 

1. Deposition of Antigen Following Intranasal inoculation. ...................... . .... 102 

iii 



LIST OF ILLUSTRATIONS 

Figure 

CHAPTER II 

1. Influenza antigen-specific serum antibody responses after 

intranasal (i.n.) immunization with antigen plus various doses 

Page 

ofCT ......................................................................................... 46 

2. Histopathologic changes in lungs of mice intranasally 

immunized with influenza virus vaccine plus the mucosal 

adjuvant, CT ................................................................................ 48 

3. The effect of intranasal immunization using CT on serum IgE 

levels {ng/ml) ............................................................................... SO 

4. Serum antibody responses after intranasal and intraperitoneal 

Priming ...................................................................................... S2 

5. Intranasal, but not intraperitoneal immunization, induces antigen-

specific IgA production in the upper respiratory tract ................................ 54 

6. Intranasal, but not oral immunization, induces antigen-specific 

lgA production in the gastrointestinal and urogenital tracts ......................... 56 

CHAPTER III 

1. Cytokine mRNA expression in the respiratory tract after 

infection ..................................................................................... 74 

iv 



.... ~ ... 

LIST OF ILLUSTRATIONS (continued) 

~R ~ 

2. Antigen-specific serum antibody responses after intranasal 

infection ..................................................................................... 76 

3. Antigen-specific nasal IgA responses after intranasal 

infection ..................................................................................... 78 

4. Antigen-specific lung antibody responses after intranasal 

infection ..................................................................................... 80 

5. Mycoplasma CFUs in the respiratory tract after intranasal 

infection ..................................................................................... 82 

CHAPTER IV 

1. Selective upper respiratory tract immunization increases antigen-specific IgA 

production in the upper but not lower respiratory tract .............................. 103 

2. Selective upper respiratory tract immunization increases antigen-

specific IgA production in nasal washes ........................ ....................... 105 

3. Antigen-specific serum antibody responses after intranasal 

immunization with either 10 or 24 J.d .................. . ............................... 1 07 

4. Intranasal immunization with CT as an adjuvant is necessary 

to reduce mycoplasma colony forming units in nasal passages 

but not in lungs ........................................................................... 1 09 

v 



CHAPTER! 

INTRODUCTION TO THE STUDY 

Infectious disease of the respiratory tract is a major health problem in the United 

States. Influenza virus, for example, has a major health and economic impact [3]. 

Influenza and its complications are estimated to be responsible for 10,000 to 40,000 

deaths annually [62]. As 80-90% of the influenza-related deaths are in patients aged 65 or 

over, the elderly are especially at high risk. Although the current parenterally-given 

influenza vaccine is generally effective, it is estimated to have an efficacy of only 60-

80% in the elderly [32]. Many respiratory pathogens, such as influenza virus and 

mycoplasma, affect the upper respiratory tract (nasal passages) as well as the lower 

respiratory tract (airways and lungs). The upper respiratory tract (URT) is the site of 

entry for many respiratory pathogens; we believe protection at this site, specifically 

through the actions mucosal immunity, will prevent subsequent lower respiratory tract 

infections. Thus to improve effectiveness, vaccination needs to protect the upper 

respiratory tract, decreasing the chance for lower respiratory tract infections and 

subsequent disease. To achieve this goal, it is necessary to understand the mechanisms of 

immunity in the upper and lower respiratory tracts after immunization and infection. 
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Immune responses in different segments of the respiratory tract 

Studies have shown differences between the upper and lower respiratory tracts in 

their ability to generate immune responses during immunization and infection [59] [103] 

[22;64;116]. For example, circulating immune components have been shown to play a 

role in resistance and recovery from disease in the lower respiratory tract, while local 

immune responses are more important during protection from disease in the upper 

respiratory tract [59]. Respiratory lymphoid structures in both humans and mice are 

involved in the induction of respiratory immune responses. In humans, the bronchous

-associated lymphoid tissue (BALT) and the oronasalpharyngeal lymphoid tissues, 

commonly referred to as Waldeyer's ring [67], are involved in sampling particulate 

antigens at these sites and initiating immune responses. In mice, the nasal associated 

lymphoid tissue (NAL T), containing bilateral strips at the base of the nasal cavities, is 

considered to be the equivalent ofthe Waldeyer's ring in humans [30]. As well, in the 

lower respiratory airways, mice contain BAL T lymphoid tissue which consists of 

uncapsulated lymphoid cells with an overlying epithelium containing micro fold cells (M

cells) [101]. Here soluble and particulate antigens are sampled and transported across the 

epithelium by M-cells to underlying lymphoid cells. Similar to Peyer's patches in the 

intestinal mucosa [99], a major site of mucosal immunity in the gut, these lymphoid cells 

initiate immune responses by migrating to distal mucosal and systemic lymphoid sites. 

Th~ mucosal immune responses are important during protection from disease in both 

the upper and lower respiratory tract. 
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In addition to mucosal immune responses, studies indicate innate immunity 

provides protection of the lung while specific immunity defends against systemic 

infection dwing mycoplasma disease [7;8}. For example, humoral immunity plays a 

major role during respiratory mycoplasma infection by preventing dissemination of 

mycoplasma into extrapulmonary sites [7;26]. As welL circulating antibodies are 

important in the lower respiratory tract, where they can prevent pneumonia. This was 

demonstrated in a study where intravenously given antibody prevented pneumonia after 

infection with mycoplasma [59]. However, antibody responses alone are shown to be 

ineffective at reducing pathology in the lung during mycoplasma infection [93;94] [8]. 

As well, data has shown alveolar macrophages to be crucial for providing pulmonary 

protection in early mycoplasma infection [36;37]. For example, depletion of alveolar 

macrophages exacerbates mycoplasma infection in C57BL mice [37;106]. It is believed 

by generating adequate immune responses in the upper respiratory tract, dissemination 

and subsequent lower respiratory tract disease can be prevented. Therefore, 

understanding the immune responses generated in both the upper and lower respiratory 

tract is crucial during the development of therapeutic approaches to prevent or treat 

respiratory infection. 

T helper cell responses and respiratory immunity 

T helper cells, have a significant impact on infectious disease and pathogenesis 

along the respiratory tract. T helper cells (Th) mediate humoral and cell-mediated 

immune responses along NALT, nasal passages, and inductive mucosal tissue in the 

lower respiratory tract [113]. Th1 cells generate cell-mediated immune responses by 
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regulation of cytotoxic T cell responses, macrophage activity and delayed-type 

hypersensitivity responses. Thl cells produce the cytokines interkeukin-2 (IL-2), 

lymphotoxin (TNF-p), granulocyte-macrophage colony-stimulating filctor (GM-CSF) and 

interferon-y (IFN-y) [68]. Importantly, in vitro studies suggest that IFN-y may have a 

protective role in the lower respiratory tract through activation of alveolar macrophages 

[53]; however, little is known about the in vivo role ofiFN-y in either the upper or lower 

respiratory tract during mycoplasma infection. In contrast, Th2 cells are involved in the 

generation of humoral immune responses, particularly immunoglobulin A (IgA) in the 

mucosal tissues. Humoral immunity is induced through the secretion of cytokines such 

as IL-4, IL-5 and IL-6, to B cells which result in antibody production [68]. As well, Th2 

responses are associated with the development of allergic and inflammatory responses 

[95]. Therefore, both Thl and Th2 immune responses are significant during the initiation 

and maturation of immune responses. 

In additio~ studies have shown during certain diseases there are benefits to 

inducing either a Thl or Th2 immune response. For example, during infection with the 

parasitic nematode, Heligmosomoides polygyrus, IL-4 mediates protective immunity, 

suggesting the presence of a host-protective Th2 response [102]. In contrast, during 

murine cutaneous leishmaniasis, Thl cells were shown to promote resistance to or 

healing from Leishmania major disease while Th2 cells increase the severity of disease 

[87;88]. As well, mice infected with Schistozoma mansoni exhibit an overwhelming TH2 

response, while animals protectively immunized preferentially produce IFN-y [88], 

further demonstrating a protective role for Thl responses during certain infections. 
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Furthermore, studies show the role of Thl and TH2 cells in airway hyperresponsiveness 

are different [88]. Specifically, Th2 cells are shown to induce airway eosinophilia, 

whereas Thl cells induce neutrophilic inflammation without airway hyperresponsiveness. 

Thus, we believe the balance between beneficial and detrimental host responses during 

respiratory disease is due to the function of different T cell populations. 

Intranasal immunization and mucosal immunity 

Intranasal (i.n.) immunization is anticipated to be an optimal route of 

administration of vaccines against upper respiratory tract diseases, such as influenza and 

mycoplasma. Although oral immunization is an attractive approach to induce mucosal 

immunity, it has had variable success in protection against upper respiratory tract viral 

infections. A study by Liang, Lamm and Nedrud [60] suggests that secondary i.n. 

immunization after primary oral immunization is required for effective protection against 

viral respiratory disease. In contrast to oral immunization, both local lgA responses in 

nasal passages and serum antibody responses can effectively be generated by i.n. 

immunization. Several studies in animals and patients have demonstrated that vaccination 

by direct inoculation of the nasal passages can· be effective [40;85;103;114;116]. 

Importantly, there appears to be a significant protective advantage to i.n. route of 

immunization. For example, upper respiratory tract infection of mice with influenza virus 

was prevented in mice i.n. immunized with inactive influenza virus [74]. In contrast, 

there was no noticeable protection after systemic immunization as viral titers recovered 

from nasal passages were equivalent in naive (unimmunized) and subcutaneously 

immunized mice. Another advantage of i.n. immunization is the potential generation of 
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cross-protection in mice infected with influenza A virus. Mice previously infected with 

an aerosol of one strain of influenza (e.g. H3N1) virus were resistant from infection with 

a different, but cross-reactive, influenza virus (e.g. H3N2) [103]. In contrast, systemic 

immunization with live or inactive virus did not provide protection from the cross

reactive influenza virus. Thus, the i.n. route of immunization has clear advantages over 

systemic routes in protecting the upper respiratory tract from infection, including cross

reactive influenza viruses. 

Secretory IgA is the predominant immunoglobulin isotype in mucosal tissues and 

functions by inhibiting bacterial attachment and neutralization of virus in mucosal tissues. 

As well, unlike IgG, IgA is translocated across epithelial tissue and can neutralize viruses 

intracellularly. The importance of IgA in resistance to mucosal infection has been 

demonstrated in many studies [2;64;71;74;103]. The precise role oflgA in anti-influenza 

immunity was investigated recently using IgA_1
_ mice, which have targeted disruption in 

IgA gene expression (2;33;65]. Experiments immunizing IgA_1
_ and IgA+/+ mice with 

influenza subunit vaccine in the presence of cholera toxin B (CTB) subunit and whole 

cholera toxin (CT) showed mice were equally protected against influenza virus infection 

[ 65]. However, in a separate experiment, lgA -1- and IgA +/+ mice were intranasally 

immunized with soluble influenza virus hemagglutinin and neuraminindase antigens in 

the absence of CT [2]. In the absence of the mucosal adjuvant CT, IgA""- mice were 

found to be more susceptible to influenza virus infection than lgA +t+ mice. In addition, 

IgA -1- mice had impaired T cell priming to the H1N1 subunit vaccine, with concomitant 

reduction in recall memory responses due to deficient antigen presenting cell (APC) 
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function. Therefore, these studies show the importance of lgA in facilitating antigen 

presentation to mucosal T cells and susceptibility to influenza virus infection. 

Adjuvants and mucosal immunization 

The immunogenicity of inactive vaccines can be enhanced through the use of 

adjuvants. Adjuvants can up-regulate the immune system by protecting the vaccine from 

denaturation, targeting antigen presenting cell uptake or by enhancing or modifying 

cytokine s.ecretion, facilitating antigen processing and presentation. Currently, most 

adjuvants (alum and Freund's adjuvant) are used for parenteral immunizations. 

However, there is much work on the effectiveness of mucosal adjuvants [43;46;60;66]. 

Cholera toxin (CT), an exotoxin of Vibrio cho/erae, is commonly used as a mucosal 

adjuvant for intranasal immunization [60;116]. When CT is intranasally co-administered 

with an antigen, there is a significant enhancement of both mucosal and systemic immune 

responses. However, we demonstrated in a previous study that adverse immune reactions 

result from intranasal immunizations using tetanus toxoid, with CT as an adjuvant, in 

BALB/c mice [95], characterized by IgE production and inflammatory reactions within in 

the lung. IgE responses can contribute to allergic ·and inflammatory responses in the 

respiratory tract. For example, an increased lgE response was described in humans in 

association with Mycoplasma pneumoniae infection, and it was suggested that these 

might exacerbate asthma in aduhs and children [118]. Thus, there is a need to avoid 

generating IgE-mediated hypersensitivity reactions during the development of intranasal 

vaccines. 
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dermatological sequelae, etc [25]. Thus, mycoplasma respiratory disease has a major 

impact on health in the United States. 

Mycoplasma pulmonis respiratory infection in mice (MRM) is perhaps the 

best paradigm of human disease. MRM is a disease caused by a pathogen in its 

normal host; the disease is extensively characterized. Infection by either 

mycoplasma species results in ciliostasis and desquamation of respiratory 

epithelium. Part of this damage may be a result of hydrogen peroxide production by 

M. pulmonis or M. pneumoniae, causing cytopathic effects due to oxidative stress 

[9;11;28]. Most likely, this initial damage to the respiratory epithelium leads to the 

cascade of inflammatory and immunologic events that lead to respiratory lesions. 

Immunologic responses probably have the greatest impact on the progression 

of mycoplasma respiratory disease. As expected, immunity does play a role in 

protection from mycoplasma diseases. Vaccination against mycoplasma disease is 

possible [50;56]. Mucosal IgA responses are likely important in resistance to disease 

associated with mycoplasma infection of mucosal surfaces [37;50;56;112]. In 

addition, patients with impaired humoral immunity can suffer from chronic 

sinopulmonary disease due to mycoplasma [25], suggesting a role for antibody in 

recovery from disease. However, immunity is often short-lived, as humans and 

animals are susceptible to repeated infections [9; 11 ;26-28]. Immunization with M. 

pulmonis and M. hyopneumoniae confers only partial protection from disease as 

organisms are easily isolated from challenged animals [47]. In any case, immunity 

can be effective in prevention from mycoplasma disease, but immune responses that 
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develop after infection often fail to completely eliminate the mycoplasma and/or 

disease. 

The role of both humoral and cell-mediated immune responses during 

infection with various respiratory pathogens, including mycoplasma, is critical to the 

development of respiratory vaccines. Humoral immune responses have been shown 

to be important during late stage infection, where patients with humoral 

immunodeficiencies eventually develop chronic pneumonia and disseminated 

infections, primarily arthritis [25]. As well, studies have shown passive transfer of 

mycoplasma-specific antibody protects against mycoplasma disease in humans and 

mice [33;34;40;102]. However, in some cases, antibody responses may contribute to 

disease pathogenesis through the development of hypersensitivity responses or the 

deposition of immune complexes [68;87;88;106]. Although antibodies against 

mycoplasma are generated in the upper respiratory tract in mycoplasma infected rats 

[94], antibody responses do not appear to play a significant role in clearance of 

established infection [8] [92]. Cell-mediated immunity appears to be less important 

against mycoplasma disease, as pneumonia due to mycoplasma is not increased in 

patients with T cell deficiencies [25] or in T cell deficient mice [22]. However, 

these responses may exacerbate mycoplasma lung disease shown by studies where 

C3H-severe combined immunodeficient (SCID) mice had less severe lung disease, 

characterized by reductions in lung lesions, airway exudate, airway epithelial 

hyperplasia, and alveolar exudate than immunocompetent C3H mice [7]. However, 

reconstitution of the mice with spleen cells from nai"ve immunocompetent mice 
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in clearance of established infection [8] [94]. Cell-mediated immunity appears to be less 

important against mycoplasma disease, as pneumonia due to mycoplasma is not increased 

in patients with T cell deficiencies [26] or in T cell deficient mice [23]. However, these 

responses may exacerbate mycoplasma lung disease shown by studies where C3H-severe 

combined immunodeficient (SCID) mice had less severe lung disease, characterized by 

reductions in lung lesions, airway exudate, airway epithelial hyperplasia, and alveolar 

exudate than immunocompetent C3H mice [7]. However, reconstitution of the mice with 

spleen cells from naive immunocompetent mice resulted in lung disease. This data 

suggests pulmonary inflammatory responses are lymphoid mediated. 

Little is known about immune protection against mycoplasma infection, 

particularly in the upper respiratory tract. Previous work shows the upper respiratory 

tract is the initial site of antibody production after infection with M pu/monis [96]. As 

well, there are differences between disease in the upper and lower respiratory tract during 

respiratory mycoplasmosis. This was established in a study using mycoplasma resistant 

C57BL/6 and susceptible C3H/HeN mice [8]; when infected, there was no difference in 

upper respiratory tract disease between mouse strains despite differences in pulmonary 

disease. Further studies have shown alveolar macrophages in C57BL/6 mice are 

responsible for pulmonary resistance and the differences in lung disease [55]. These 

studies indicate there are differences between the upper and lower respiratory tract in 

controlling mycoplasma disease. 

Based on these and other studies, there are indications of fundamental differences 

between the upper and lower respiratory tract during immunization and infection First, 
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to further characterize these differences, experiments were designed determine the 

contribution of systemic and local immunization to upper and lower respiratory tract 

antibody and inflammatory responses. Specifically, these experiments would show the 

effectiveness of intranasal and intraperitoneal immunizations at enhancing mucosal 

immune responses. Second, to examine the contribution of Thl .and Th2 responses in the 

upper and lower respiratory tract at clearance of mycoplasma during infection, the role of 

the cytokines IL-4 and IFN-y in the nasal passages and lungs during infection was 

evaluated. Finally, to examine the significance of selective upper respiratory and total 

respiratory tract immunizations at clearance of mycoplasma infection within the 

respiratory tract, mice were nasally immunized and infected, and clearance of 

mycoplasma in the upper and lower respiratory tract was measured. Thus, understanding 

the immune responses generated in both the upper and lower respiratory tracts is critical 

during the development of therapies to prevent and treat respiratory infection. 
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CHAPTER II 

IgA Responses and lgE Associated Inflammation along the Respiratory Tract after 

Mucosal but not Systemic Immunization 

The purpose of the present study was to determine the extent of immunologic 

responses, particularly immunopathologic responses, within the upper and lower 

respiratory tracts after intranasal immunization using the mucosal adjuvant, cholera toxin 

(CT). BALB/c mice were nasally immunized with influenza virus vaccine combined with 

CT. The inclusion of the mucosal adjuvant, CT, clearly enhanced generation of antibody 

responses in both the nasal passages and lungs. After nasal immunization, antigen

specific IgA antibody forming cells dominated antibody responses throughout the 

respiratory tract. However, IgG responses were significant in lungs, but not in nasal 

passages. Furthermore, parenteral immunization did not enhance humoral immunity in 

the upper respiratory tract even after a nasal challenge, whereas extrapulmonary 

lymphoid responses enhanced responses in the lung. After nasal immunization, 

inflammatory reactions, characterized by mononuclear cell infiltration, developed within 

the lungs of mice. but not in nasal passages. Lowering dosages of CT reduced, but did not 

eliminate, these adverse reactions without compromising immunogenicity. Serum IgE 

responses were also enhanced in a dose dependent manner by inclusion of CT. In 

summary, there are differences in the generation of humoral immunity between the upper 
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respiratory tract and the lung. As the upper respiratory tract is in a separate compartment 

of the immune system from that stimulated by parenteral immunization, nasal 

immunization is an optimal approach to generate immunity throughout the respiratory 

tract. Despite the promise of nasal immunization, there is also the potential to develop 

adverse immunopathologic reactions characterized by pulmonary airway inflammation 

and lgE production. 

Introduction 

Immune responses along the respiratory tract are important in the prevention and 

the pathogenesis of numerous respiratory tract diseases, such as viral and bacterial 

pneumonias. Importantly, respiratory tract infections have a major health and economic 

impact [3;62], and there is a need to improve or develop vaccines to prevent these 

respiratory diseases. For example, the current parenterally-given influenza virus vaccine 

is generally effective, but has a reduced efficacy in the elderly. There are also other 

respiratory diseases, such as those due to respiratory syncytial virus (RSV) and 

Mycoplasma pneumoniae, where a vaccine is unavailable. Many of these infectious 

agents infect the upper respiratory tract (nasal passages) prior to spreading to the lower 

respiratory tract (airways and lungs). This suggests generating immunity against upper 

respiratory tract infections will decrease the chance of subsequent lower respiratory tract 

disease. However, studies have shown that parenteral immunization provides variable 

resistance to infection in the nasal passages ahhough it is effective against pulmonary 

infections [31 ;73 ;77]. Thus to improve effectiveness, vaccination needs to protect against 
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upper respiratory tract infections, decreasing the chance of subsequent lower respiratory 

tract infections and disease. 

The upper respiratory tract is both the initial site of infection and the major locale 

for antibody production after experimental respiratory infections [59;96;97]. There is also 

evidence of a significant protective advantage to using the intranasal route of 

immunization. For example, upper respiratory tract infection of mice with influenza virus 

was prevented in mice intranasally immunized with inactive influenza virus [74]. In 

contrast, there was no noticeable protection after systemic immunization as viral titers 

recovered from nasal passages were equivalent in naive (unimmunized) and 

subcutaneously immunized mice. Furthermore, studies clearly show that protection from 

infection of the upper respiratory tract is primarily due to local immunity, particularly 

IgA in mucosal secretions [13;14;79]. Based on the above, we believe that intranasal 

immunization is an optimal route of administration of vaccines against respiratory tract 

infections. 

Although intranasal immunization with live vaccines are currently in clinical trials 

(5;24;72], there are several major advantages in using inactive vaccine antigens, in 

contrast to live vaccines, for intranasal immunization. Inactive vaccines could be safely 

used in individuals immunocompromised due to disease, chemotherapy or age. 

Furthermore in the case of viral vectors for delivery of recombinant vaccines, immune 

responses against the vector can limit the effectiveness of immunization [1 08], therefore 

preventing the widespread utilization of these vectors for use in muhiple vaccines. 

Notably, the ability to immuniu with an inactive vaccine allows the use of a wider 
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variety of vaccine antigens, including polysaccharide-protein conjugates that may prove 

impossible to produce using a viral vector. This should allow the adaptation of this 

vaccination approach against numerous bacterial and viral respiratory pathogens. Thus, 

intranasal inununization with inactive vaccines bas many attractive features that should 

result in an extremely powerful approach to prevent respiratory infection and disease. 

Understanding the mechanisms involved in generating immunity throughout the 

respiratory tract and potential problems is critical for intranasal vaccine development and 

evaluation. The purpose ofthe present study was to determine the extent of immunologic 

responses, particularly immunopathologic ones, within the upper and lower respiratory 

tracts after intranasal immunization and the contribution of systemic lymphoid responses 

to these immune responses. Immunization with inactive vaccines usually requires the 

inclusion of an adjuvant, and the most commonly used adjuvant for mucosal (intranasal 

or oral) immunization is cholera toxin and its derivatives [60;80;110]. When CT is 

intranasally co-administered with an antigen, there is a significant enhancement of both 

mucosal and systemic immune responses. However, our previous study indicated the 

potential to develop 1gB-associated inflammatory reactions within the lung after 

intranasal immunization using cholera toxin as an adjuvant at a relatively high dosage 

[95}. Thus, we examined the effects of reducing doses of the mucosal adjuvant, cholera 

toxin, to augment antibody responses while minimizing IgE-associated inflammatory 

reactions. 
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Materials and Methods 

Animals. Specific pathogen-free or viral-free female BALB/c mice were obtained 

from the Fredrick Cancer Research Facility (National Cancer Institute, Fredrick, MD) 

and Harlan Sprague Dawley (Indianapolis, IN) and housed in the University of North 

Texas Health Science Center at Fort Worth animal facility. Mice were maintained under 

sterile conditions. All mice were used between 8 to 12 weeks of age. 

Prior to experimental manipulation, mice . were anesthetized with an intramuscular 

injection ofketamine/xylazine. For intranasal immunization, mice were allowed to inhale 

24 J.Ll of inoculum, which was placed upon the nares. For intraperitoneal immunization, 

mice were injected with 100 J.Ll of antigen in the lower left quarter of their abdomen. For 

oral immunization, 100 J.ll of inoculum was given using an intragastric feeding needle. 

Serum samples were obtained by retro-orbital bleeding, or by laceration of the femoral 

vein upon sacrifice. Nasal washes were obtained by flushing 1 ml of sterile PBS through 

the anterior (oral) entrance of the nasal passages using a syringe with a 21 gauge needle, 

and collecting the fluid as it exits the nares. For fecal samples, fecal pellets were 

collected and dissolved at 1 mglml of 0.2% sodium azide in PBS. After centrifugation at 

9,000 qjm for 5 minutes, supernatants were collected and stored at -20°C until use. 

Urogenital washes were collected by lavaging with two 20 J.Ll washes with PBS. 

Cell isolation. Mononuclear cells were isolated from lungs similar to that 

previously described [97;98; 1 08]. Lungs were perfused with PBS without magnesium or 

calcium (Hyclone, Logan, un to minimize contamination of the final lung cell 

population with blood cells. The lungs were separated into individual lobes and finely 
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minced. The tissues were suspended in media containing 300 units/ml of Clostridium 

histolyticum Type I collagenase (Worthington Biochemical Corporatio~ Freehold, NJ) 

and 50 units/ml DNAse (SIGMA Chemical Co., St. Louis, MO). The tissues were 

incubated at 37DC while mixing on a Nutator (Fisher Scientific, Pittsburgh, PA) for 90 to 

120 min. During the incubation period, the tissue was vigorously pipetted every 20 min. 

After incubatio~ the digestion mixture was passed through a 250-Jlm nylon mesh to 

remove undigested tissue. Mononuclear cells were purified from this cell suspension by 

-
density gradient centrifugation using Lympholyte M (Accurate Chemicals, Westbury, 

NY). 

Cells from nasal passages were isolated as previously described [97]. Briefly, the 

lower mandibles and skin were removed from the skull. The skull was longitudinally 

split, and the nasal passages were removed by scraping and transferred to 

collagenase/DNAse digestion medium as used for isolation of lung cells. After about 1 

hour incubation at 37°C while mixing on a Nutator (Fisher Scientific), the tissue was 

passed through a 250 Jlm nylon mes~ and the red cells removed using ACK lysis buffer 

[49]. Spleen cells were isolated by centrifugation of cell suspensions and red cell removal 

using ACK lysis buffer. 

Fluorescent characterization of lymphocyte populations. Two-color 

immunofluorescent staining was performed to identify both B cell and T cell populations 

using FITC-Iabeled anti-murine B220 (Beckman Coulter, Miami, FL) and PE-Jabeled 

anti-murine CD3 (Beckman Couher). Briefly, 1-2xl06 cells per tube were incubated with 

purified 2.4G2 antibody (Fe Block, PharMingen) for 5 min at 4°C to reduce non-specific 
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binding ofFciiiiii receptors prior to fluorescent antibody (Ab) staining. The cells were 

incubated for 30 min at 4DC with fluorescent antibody (2 J..Lg/ml). Cells were washed in 

staining buffer [Mg++-free and Ca++-free PBS (Hyclone) plus 0.05% sodiumazide, 1% 

FBS] and fixed with 4% paraformaldehyde in PBS for 30 min. Cells were then 

resuspended in staining buffer until analysis. The cells were analyzed using an EPICS 

XL-MCL flow cytometer (Beckman Coulter). Data collection was done using System 2 

software (Beckman Coulter) with further analysis done used Expo 2 analysis software 

(Beckman Couher). Lymphocyte gates and detector voltages were set using unstained 

nasal passage, lung and spleen control cells. The proportion of each cell population was 

expressed as the percentage of the number of stained cells. 

Immuaogeas aad adjuvaats. Cholera toxin (CT) was purchased from List 

Biological Laboratories, Inc. (Cambell, CA). Dr. Maurice W. Hannon (Connaught 

Laboratories, Inc., Swiftwater, PA) kindly provided Philippines influenza virus vaccine 

antigen. 

IaOueaza virus-specific Ab ELISA. Falcon Microtest III assay plates (Becton 

Dickinson, Oxnard, CA) were coated with optimal · concentrations of influenza vaccine 

(100 J..Ll at 5 J.Lg/ml) in PBS. After overnight incubation at 4°C, the plates were washed 3 

times with PBS/0.05% Tween 20, and blocked with PBS/0.05% Tween 20 supplemented 

with 100.4 goat serum (GffiCO BRL, Grand Island, NY) for 2 hours at room temperature. 

Serum, fecal and urogenital samples were serially diluted with PBS/0.05% Tween 

20/10% goat serum, and 100 J.Ll was pJaced in duplicate into wells of the antigen-coated 

plates. After overnight incubation at 4°C, the plates were washed 4 times with 
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PBS/0.05% Tween 20. Secondary Ab (biotinylated anti-mouse stock reagents of 0.5 

mg/ml, Southern Biotechnology Associates, Inc., Birmingham, AL) were diluted 1:3,000 

in PBS/0.05% Tween 20/1 00/o goat serum, and 100 J.Ll were added to the appropriate 

wells. After 5 hours incubation at room temperature, the plates were again washed 4 

times with PBS/0.05% Tween 20, and a 1:2,000 dilution in PBS/0.05% Tween 20/10% 

goat serum of horseradish peroxidase (HRP)-conjugated strepavidin (Neutralite avidin, 

Southern Biotechnology Associates) was added to the wells (100 J.Ll). The plates were 

incubated at room temperature for 2 hours, and the plates were washed twice with 

PBS/0.05% Tween 20 and twice with PBS. The reactions were developed at room 

temperature by addition of 100 J.Ll of 1.1 mM ABTS [2,2'-azino-bis(3-

ethylbenzthiazoline-6-sulfonic acid)] in 0.1 M citrate-phosphate buffer, pH 4.2, 

containing 0.01% H202 in each of the wells. For serum and fecal samples, endpoint Ab 

titers were expressed as the reciprocal dilution of the last dilution that gave an optical 

density (O.D.) at 415 nm of;;?: 0.1 unit above the O.D. of negative controls after 20-min 

incubation. 

To detect antigen-specific lgA Abs in nasal washes, samples were diluted I :2 in 

PBS/0.05% Tween 20 containing 1 00/o goat serwn and added to the appropriate wells of 

antigen-coated plates. The reactions were developed using {3,3 ')5,5 '

tetramethylbenzidine (TMB, Moss, Inc., Pasadena, MD) as the substrate, and the O.D. of 

the color reaction was read at 630 nm. 

Measurement of polyeloaal aad aatigea-speeifie Ab formiag eells (AFC). The 

ELISPOT assays for polyclonal and influenza virus-specific AFC in lymphoid tissues 
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were based on the method described by Czerkinsky et al. [18], as modified by Simecka et 

al [96;97]. Briefly, to determine the number of AFC, irrespective of antigen-specificity 

(polyclonal), I 00 J,Ll of polyclonal goat anti-mouse immunoglobulin antibody (2 J.Lg/ml) 

was added to Millititer HA 96-well flltration plates (Millipore Corporation, Bedford, 

MA). The numbers of influenza virus-specific AFC were determined using plates coated 

with the optimal concentration of influenza virus antigen (1 0 J.Lg proteinlml). After 

overnight incubation at 4°C, the plates were washed 3 times with sterile PBS. To 

minimize nonspecific binding, 100 J,Ll of cell cuhure medium [RPMI-1640, 10 ml 

HEPES, L-glutamine, 5% FCS (Hyclone)] was added to each well, followed by at leaSt 1 

hour incubation at 37°C. Two-fold dilutions of cells (100 J,LVwell) were added in 

triplicate to the plates and incubated for overnight at 37°C in a humidified 5% C02 

incubator. The plates were washed with PBS and incubated for 10 minutes in PBS with 

0.5% H2~ to remove endogenous peroxidase activity. Subsequently, the plates were 

washed with PBS/0.5% Tween 20. 

Biotinylated goat anti-mouse IgM, lgG or IgA antibodies (Southern 

Biotechnology Associates) were used to reveal . the antibody reactions. For lgE, 

biotinylated anti-IgE monclonal antibodies were used (PharMingen, San Diego, CA). 

Biotinylated antibodies specific for mouse immunoglobulin classes were placed into the 

appropriate wells at 1:3,000 dilution in PBS/100/o goat serum. After overnight incubation 

at 4°C, the wells that contained the monoclonal antibodies were reacted with 1 :2,000 

dilution of HRP-Neutralite avidin (Southern Biotechnology Associates) for 2 hours at 

...... room temperature. The plates were then washed with PBS, and substrate was added to 
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each well. The HRP substrate was 25-mg/97 ml of 3-amino-9-ethyl carbazole (AEC, 

Sigma Chemical, Co.) in 0.05 M sodium acetate buffer, pH 5.0, plus 0.04% H20 2; AEC 

was dissolved in 2 ml ofN,N-dimethyl formamide. After the substrate reaction, the plates 

were thoroughly washed with tap water. The spots representing AFC were counted using 

a stereomicroscope illuminated indirectly with a high intensity lamp. The AFC were 

expressed as the absolute number of AFC in each tissue or AFC/1 06 cells. 

Detection of antigen deposition by luciferase activity. Mice were intranasally 

inoculated with 24 J!l of luciferase enzyme (Promega, Madison, WI). Five minutes after 

inoculation, whole lungs, nasal passages, tracheas and esophagus were collected. Tissues 

were placed in 1 ml reporter lysis buffer (Promega) for esophagus and tracheas, and 3 ml 

reporter lysis buffer for lungs and nasal passages. Tissues were homogenized using a Pro 

200 homogenizer (Pro Scientific Inc., Monroe, CT) and 20 J!l of sample was added to 

100 1-11 of luciferase assay substrate (Pro mega). Luciferase activity in a sample was 

determined by the amount of luminescence (TD-20e luminometer, Turner, Sunnyvale, 

CA). 

Histopathology. To collect tissues for histologic examination, anesthetized mice 

were sacrificed by exsanguination by laceration of the femoral artery. The trachea and 

lungs were removed intact. The lungs were gently inflated with buffered formalin using a 

3-ml syringe with a 20-gauge needle. The lungs were subsequently fixed in buffered 

formalin, and individual lung lobes were processed for paraffin embedding, sectioning 

and hematoxylin-eosin staining. Each lung lobe was examined for histopathologic 

changes by light microscopy. 
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Determination of total IgE Ab in sera. Total serum IgE was determined using 

an ELISA. Plates were coated with capture anti-IgE monoclonal antibody (PbarMingen) 

at 2 J.Lg/ml. After blocking with 10% rat serum in PBS, serial dilutions murine IgE 

standard (PharMingen) or serum samples in 3% BSA in PBS were added to the wells in 

duplicate. After overnight incubation at 4°C, biotinylated anti-lgE monoclonal antibody 

(PharMingen) was added to the wells at a concentration of 4 J.Lg/ml, and incubated for 4 

hQurs at room temperature. The reaction was revealed using Neutralite avidin-HRP 

(Southern Biotechnology Associates), followed by addition of the substrate, TMB (Moss, 

Inc.). After addition of 0.25 M HCL to stop the reaction and enhance sensitivity, 

absorbance readings ( 450 nm) were obtained from the individual serum samples and were 

converted to J.Lg/ml lgE by reference to a standard curve produced using dilutions of a 

standard preparation of murine IgE for each assay. The detection limits for these assays 

were 125 nglml 

Passive cutaneous anaphylaxis (PCA) assay for lgE Abs. PCA assay was used 

to compare the levels of influenza-specific reagenic (lgE) antibody in serum samples 

(20). Sera was diluted 1:20 with PBS and subsequently serially diluted (1:2) with PBS. 

0.1 ml of each diluted sample was injected intradermally in the back of ether-anesthetized 

rats. 1 J.Lg of influenza antigen was directly injected into the intradermal sites where 

serum samples were given the day before. To reveal the reactions, 1 ml of 1% Evan's 

blue was injected intravenously the next day. After 10 min, the last dilution of sera with a 

positive (blue) reaction was considered the PCA titer. 
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Statistical analysis. Data were analyzed by analysis of variance followed by 

Fisher protected least significant difference multigroup comparison or Mann-Whitney U 

tests. Analyses were performed using StatView (SAS Institute Inc., Cary, NC) computer 

programs. When appropriate, data was logarithmically transformed prior to statistical 

analysis, and confirmed by a demonstrated increase in the power of the test after 

transformation of the data. A p value of~ 0.05 was considered statistically significant. If 

data was analyzed after logarithmic transformation, the antilog of the means and standard 

errors of the transformed data was used to present the data and are referred to as the 

geometric means (x/+ standard errors). 

Results 

B cells in respiratory tissues of naive mice. To evaluate T cell and B cell 

distribution in the upper and lower respiratory tracts, cells from nasal passages and lungs 

ofnai've (unimmunized) mice were collected and stained for CD3 and B220 cell surface 

expression. Using flow cytometry, 78.4 ± 4.6% of the stained lungs cells were T cells 

(CD3+ B220) while the remaining 21.6 ± 4.6% of stained cells were B cells (CD3-

B220). In the nasal passages, the numbers ofT cellS and B cells were equivalent (T cells 

52.6 ± 3.8%, B cells 47.4 ± 3.8%). 

The isotype of plasma cells in upper and lower respiratory tracts were also 

characterized. Cells from nasal passages, lungs and spleens were isolated from naive 

mice, and the numbers of polyclonal IgM-, IgG-, lgA-, and IgE-producing cells were 

enumerated. As shown in Table 1, there were significantly (p ~ 0.05) more IgA

producing cells in nasal passages than IgM- or lgG-producing cells. Similarly, there were 
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significantly higher (p $; 0.05) numbers of IgA-producing cells in lungs of naive mice 

than cells producing lgM or IgG. lgM-producing cells were most prevalent in the spleen. 

There was no significant difference between the numbers of !gO-producing cells found in 

lungs or spleens. The numbers of 1gB-producing cells were low and not consistently 

detected in any tissues (data not shown). 

Serum Ab responses after intranasal immunization with influenza antigen 

plus CT. To investigate the adjuvant activity of various doses of CT in developing Ab 

responses against antigen, anesthetized mice were intranasally immunized on days 0, 7, 

and 14 with 7.5 J.lg hemagglutinin of influenza virus vaccine in combination with 0, 0.1, 

0.5, 2.5 J.lg CT. For comparison, one group of mice was immunized intraperitoneally with 

influenza antigen without CT. Serum samples were collect on days 7, 14, and 21 after the 

primary immunization, and serum Ab titers were determined by endpoint ELISA assays 

for each of the Ab isotypes. 

Antibody responses in sera were clearly enhanced by inclusion of CT for 

immunization (Figure 1 ). In all immunization groups, Ab responses increased over time 

(p ~ 0.05), and as expected, IgM responses appearixl earlier than lgG responses while 

lgA Ab levels, when present, increased last. In animals intranasally immunized without 

CT, influenza antigen-specific lgG and IgM responses were not detected until 14 days 

after the primary immunization, and these responses were significantly lower (p ~ 0.05) 

than those of mice immunized with antigen combined with all doses of CT. In addition, 

serum IgA was not detected in mice intranasally immunized without CT. In contrast, 

""~· mice intranasally immunized with any dose ofCT tested developed serum IgM responses 
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earlier {7 days) after immunization, and a similar effect was seen for lgG responses, 

which also increased over time. However, the higher doses of CT (0.5 and 2.5 J,lg) 

resuhed in serum lgA responses, albeit low titers, that were detected earlier { 14 days) 

than mice given 0.1 J,lg CT. In contrast, mice intraperitoneally immunized with antigen 

did not develop serum IgA responses although lgG and IgM responses were significant. 

Intranasal immunization induces Ab responses in both tbe upper and lower 

respiratory tracts. The above experiments confirmed that intranasal immunization using 

CT as the mucosal adjuvant can produce serum Ab responses to an antigen. To 

characterize the site(s) of Ab production, we determined the distribution specific AFC in 

nasal passages, lungs and spleens after intranasal immunization using the ELISPOT 

assay. Influenza-specific AFC were found in each of the cell populations {Table 2a). 

However, the inclusion of CT as an adjuvant significantly increased (p ~ 0.05) the 

numbers of influenza-specific AFC in nasal passages, lungs and spleens, regardless of Ab 

isotype. There was however no significant difference between the Ab responses obtained 

using the different doses CT. In both lung and nasal passage cells, the numbers of 

antigen-specific lgA-AFC were significantly greater than IgG-AFC while the numbers of 

IgM-AFC were least (p ~ 0.05). Nasal passage cells had the greatest number antigen

specific lgA-AFC (p ~ 0.05), and lung cells contained higher numbers of lgA-AFC than 

splenic lymphocytes (p 5: 0.05). In contrast, the numbers of IgM- and IgG-AFC were 

greatest in lung cells with IgM-producing cells least in nasal passage cells (p ~ 0.05). 

To examine the overall contribution of each of the tissues to the Ab response, the 

...... resuhs were expressed as the absolute (total) numbers of AFC for each of the tissues •. 
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(Table 2b). Interestingly, the inclusion of CT as an adjuvant resulted in a 4- to 6-fold 

increase in the number of cells isolated from lungs, but there was little effect on cell 

numbers collected from nasal passages or spleens. IgA was the major Ab response 

induced after immunization using CT, followed by IgG (p ~ 0.05). The total numbers of 

IgA- and lgG-AFC were greater in lungs and spleens than in nasal passages (p ~ 0.05). 

Total numbers oflgM-AFC were greatest in spleens with the fewest lgM-AFC found in 

nasal passages (p ~ 0.05). 

Histopathologic changes in lungs result from intranasal immunization with 

antigen plus CT. In om earlier studies, we found histopathologic changes in lungs and 

clinical signs in mice given high doses of CT ( 1 0 J.Lg CT for primary immunization and 

3.33 J.Lg for secondary) [95]. To determine if lower dosages ofCT, mice were immunized 

on days 0 and 7 with 7.5 J.Lg influenza virus vaccine in combination with 0, 0.1, 0.5, 2.5 

J.lS ·CT. For comparison, one group of mice was immunized intraperitoneally with 

influenza antigen alone (no CT). Three days after the second immunization, clinical signs 

were noted, and nasal passages and lungs were prepared for histologic examination. 

Three days after secondary immunization, clinical signs were seen in mice after 

the secondary intranasal immunization with influenza antigen plus 2.5 J.lS CT. These 

mice displayed decreased activity, weight loss and ruftled fur. No obvious signs were 

seen in mice of any of the other immunization groups. Because of these clinical signs, we 

also determined whether histologic changes occmred along the respiratory tract after 

intranasal immunization with influenza antigen plus CT. 
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In lungs, infiltration of mononuclear cells was prominent at all doses of CT, but 

the infiltrates were absent in mice immunized with antigen alone or immunized by 

intraperitoneal route. After intranasal immunization with each of the doses of CT, there 

was a massive accumulation of mononuclear cells around all the airways and blood 

vessels within the lung (Figure 2b). However, no alveolar involvement was found at 0.1 

or 0.5 ~g CT, but edema, alveolar thickening and increased cellularity were present in 

mice immunized using 2.5 ~g CT. In contrast to lungs, there was only a minimal 

inflammatory cell response in the nasal passages of mice given the higher dose (2.5 J.18) 

of CT, but no histologic changes were seen at lower dosages. Immunization with 

adjuvant alone produced similar inflammatory changes in lungs of mice (data not shown), 

indicating the effect was due to a response to CT. 

lgE responses are induced after intranasal immunization with influenza 

antigen plus CT. We evaluated serum IgE responses in mice immunized with influenza 

virus vaccine combined with different doses of CT. Mice were intranasally immunized on 

days 0, 7, and 14 with 7.5 J..Lg influenza virus vaccine in combination with 0, 0.1 , 0.5, or 

2.5 ~g CT. For comparison, one group of mice was immunized intraperitoneally with 

influenza antigen alone, no CT. Serum samples were collect on days 7, 14, and 21 after 

the primary immunization, and total lgE in serum samples were determined. 

There was an increase in total serum IgE in mice intranasally immunized with 

influenza antigen (Fig. 3). IgE levels were enhanced in mice immunized using CT as an 

adjuvant and were highest in sera from mice immunized with 2.5 J.Lg CT (p S 0.05). The 

levels of IgE decreased in proportion as the doses of CT were reduced. However, there 
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was a slight but significant (p :s; 0.05) increase in the total serum IgE in mice intranasally 

immunized with antigen alone (without CT), while there was negligible change in total 

serum lgE after intraperitoneal immunization. 

To examine the production of influenza-specific IgE after intranasal 

immunization, serum samples from two different experiments were evaluated by a 

modified passive cutaneous anaphylaxis (PCA) reaction. In preliminary studies, we 

demonstrated that influenza antigen given by intravenous injection was unable to readily 

enter the intradermal sites where serum samples was previously injected. To overcome 

this limitation, the antigen was directly injected into the intradennal sites where serum 

samples were given the day before. Using this approach, we found that serum collected 

from mice 3 days after the second intranasal immunization with 2.5 J.18 CT had PCA 

titers of at least 30-40. However, sera from mice intranasally immunized with antigen and 

lower doses (0.5 or 0.1 J.18) of CT had undetectable PCA titers. 

The upper respiratory tract is a separate compartment of the immune system 

that ean be stimulated by mueosal immunization. To determine the contribution of 

systemic immunization in generating Ab responses in respiratory tissues, mice were 

immunized by one of four protocols as depicted in Table 3. Fourteen days following 

primary immunization, the levels of influenza-specific serum Ab were determined using 

ELISA Mice given two immunizations produced higher levels of antigen-specific serum 

Ab than other experimental groups. In general, antigen-specific serum IgO and IgM 

levels were higher than serum lgA Specific IgM Ab levels were significantly (p :s; 0.05) 

"".. higher in both IP:IN. and IN:IN immunized mice (Fig. 4) as compared to other 
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immunization groups, however, there was no difference between the levels of serum lgG 

generated in IP:IN and IN :IN immunized mice. Mice intranasally immunized on days 0 

and 7 (IN:IN) produced significantly higher (p S 0.05) levels of serum lgA than IP:IN 

immunized mice and other immunization groups. 

To evaluate IgA production in the upper respiratory tract after immunization, 

nasal wash samples were collected at 14 days following primary immunization. Mice 

given primary and secondary intranasal immunizations (IN :IN) produced significantly 

higher levels of antigen-specific IgA (p ~ 0.05) as compared to all other groups (Fig. 5). 

In contrast, the levels of IgA in nasal washes collected from the other immunized mice 

(O:IN, IP:O and IP:IN) were not significantly different from unimmunized control mice. 

To characterize the sites of Ab production, the number of cells secreting influenza 

virus-specific Ab in nasal passages, lungs and spleens were determined (Table 4). 

Primary and secondary intranasal immunizations (IN :IN) produced the highest levels of 

influenza specific IgA-AFC in tissues (p ~ 0.05). In contrast, IP:IN immunized mice had 

similar levels of IgA-AFC in nasal passages and spleens as mice give a single intranasal 

immunization, but had significantly higher (p s 0.05) numbers of antigen-specific lgA

AFC in lungs. Both IP:IN AND IN :IN mice had significantly higher (p ~ 0.05) nwnbers 

of antigen-specific lgG-AFC in their lungs than mice given primary immunizations only, 

IP:O or O:IN immunized mice. However, there was no significant difference in the 

numbers of antigen-specific IgG AFC found between lungs of IP:IN and IN :IN 

immunized mice. 
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To measure influenza virus-specific lgA production in the gastrointestinal tract 

following immunization, fecal samples were collected from each of the four 

immunization groups described in the previous experiments, and the levels of antigen

specific IgA were determined. IN :IN immunizations produced significantly higher levels 

of antigen-specific fecal lgA (p :5 0.05) as compared to all other groups (data not shown). 

There was no significant antigen-specific fecal lgA in the other groups of mice. Thus, it 

appears that primary and secondary immunization induces influenza-specific mucosal 

IgA production in the gastrointestinal tract. 

Antigen deposits primarily in the lung after intranasal immunization. There 

was a possibility that intranasal immunization could result in mice ingesting antigen, and 

the fecal lgA production was a result of oral immunization. To determine whether this 

was indeed a possibility, we measured the distribution of antigen following intranasal 

inoculation of luciferase enzyme. Similar to our intranasal immunization protocol, mice 

were intranasally inoculated with luciferase enzyme, and nasal passages, lungs, trachea 

and esophagus of each mouse was removed 5 minutes later. Luciferase enzyme activity 

was measured in each of these tissues to determine the tissue distribution of its deposition 

(Table 5). The majority of enzyme was deposited in the lung (71 ± 14%), but significant 

amounts of luciferase activity were found in the esophagus (21 ± 9%), trachea (7 ± 3%), 

or nasal passages ( 10 ± 4% ). Thus, the deposition of luciferase in the esophagus suggests 

that the fecal IgA responses could be due to an inadvertent oral immunization of the mice 

following intranasal inoculation. 
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the promise of intranasal immunization, it is clear that there is a potential for 

immunopathologic responses. Many studies have used CT as a common adjuvant during 

intranasal immunization because of its well-known ability to enhance mucosal immune 

responses via other mucosal routes of inoculation, e.g. oral. However in a previous study 

[95], we found that adverse immunologic reactions in the lungs can result from intranasal 

immunization with tetanus toxoid using relatively high doses of CT as a mucosal 

adjuvant. IgE responses against the antigen were induced after secondary immunization 

with antigen plus CT. Along with lgE responses, there was a massive infiltration of 

mononuclear cells into the lungs of animals. There are many umesolved questions from 

these studies that need to be addressed, not only to further develop intranasal 

immunization to prevent infectious diseases, but to understand the generation of 

immunity along the respiratory tract. 

As our previous studies used high doses CT (10 J.18 to 3.3 J.lg) during intranasal 

immunization [95], we determined whether lowering the dosages of CT could result in 

retention of adjuvant activity while reducing the adverse 1gB-associated inflammatory 

reactions. Using influenza virus vaccine, we demOnstrated that adjuvant activity was . 
significant at doses of 0.1 to 2.5 tJg CT, but obvious clinical signs (loss of activity, 

weight loss, ruffied fur) were seen only in mice given 2.5 tJg cr. This indicates that there 

was a reduction in the severe reactions to CT at lower dosages (0.1 and 0.5 f.lg). Because 

of previous suggestions that CT preferentially stimulates Tb2 responses, which promote 

IgE production [95], it was expected that lowering the amount of CT would minimize IgE 

responses. As in our previous studies [95], serum IgE levels were enhanaxl in mice 
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immunized using CT as an adjuvant. But as expected, this effect was dose dependent with 

the total IgE levels highest in mice immunized with 2.5 J-18 CT. In fact, reagenic Ab, as 

detennined by PCA, was readily detected in mice given the highest dose of CT (2.5~g), 

while reagenic Ab was not consistently detected in mice given lower doses of CT. 

However, IgE responses were induced in mice immunized with antigen alone, and 

intraperitoneal immunization did not induce significant IgE responses. Thus, intranasal 

immunization, although potentially very effective~ has the capacity to generate IgE 

responses with possible serious consequences associated with hypersensitivity reactions, 

and use of adjuvants can enhance these potentially detrimental responses. 

Inflammatory reactions along the respiratory tract may also be a complication of 

intranasal immunization and use of adjuvants. Previously, we found that severe 

inflammatory reactions in lung resulted from intranasal immunization [95]; however, we 

did not examine for histopathologic changes in the upper respiratory tract. In the current 

studies, there was however only a mild inflammation in the nasal passages associated 

with the highest dose ofCT, and the reaction in the nasal passages was eliminated at the 

lower doses. Furthermore, the numbers of antigen Specific IgA producing cells in nasal 

passages were much higher in mice immunized with the lowest dose of CT (0.1 J,lg) than 

in mice given antigen alone, indicating that inflammatory reactions in nasal passages 

were eliminated while adjuvancy was retained. In lungs, lowering the doses of cr 

eliminated the histopathologic effects in the alveolL but in contrast to the upper 

respiratory tract, there was no apparent decrease in the degree of cellular infiltrate along 

the airways and blood vessels of the lung. Interestingly, mice given antigen alone 
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produced IgE responses but lacked histopathologic changes. This suggests that the 

pulmonary inflammation may not be solely a result of an IgE response, with other 

- immune or inflammatory mechanisms contributing to these reactions. 

In support, intranasal immunization was previously shown to prime for delayed 

type hypersensitivity reactions [104], which are mediated by Thl cells [68]. Even in a 

murine model of asthma, inflammatory responses in the lung may result from Thl cell 

activity [78] while pulmonary hyper-responses are mediated by Th2 cells and IgE [16]. In 

ongoing studies, we have demonstrated that Thl cytokines are elicited in lungs after 

intranasal immunization with influenza vaccine antigen and CT, while antigen alone 

preferentially induced Th2-type responses (Manuscript in preparation). In any case, these 

studies demonstrate that a complication of pulmonary immunization is the potential fur 

inflammatory responses in the lung. Importantly, the presence of cellular infiltration in 

the lung but not in nasal passages suggests that there is a fundamental difference in the 

generation of immune and inflammatory responses along the upper and respiratory tracts. 

There is indeed a difference between the immunity in upper and lower respiratory 

tracts in the contribution of lymphoid responses initiated outside the respiratory tract to 

these responses. Previously, we demonstrated that adoptive transfer of lymphocytes does 

not prevent upper respiratory tract infection and disease, but protects the lung from 

infection [59]. Also, we [59] and others [100] demonstrated that intravenously given Ab 

does not protect from upper respiratory tract infections, but prevents pneumoniae. In the 

present studies, we extended these observations and examined whether prior parenteral 

(intraperitoneal) immunization can augment development of Ab responses along the 
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respiratory tract We found that intraperitoneal immunization did not enhance the 

generation of Ab responses within nasal passages after secondary intranasal 

immunization, suggesting that lymphocytes do not readily circulate from systemic 

lymphoid tissues into nasal passages in the absence of disease. This was however not true 

for the lung. Parenteral immunization was able to enhance the development of Ab 

responses in lungs, demonstrating the ability of extrapulmonary cells to contribute to 

pulmonary immunity. This is consistent with the histopathologic evidence that shows a 

cellular infiltration into the lung but not in nasal passages. Also, we consistently 

recovered more cells in the lungs after intranasal immunization using CT but similar 

numbers of recovered from nasal passages whether CT is used or not (data not shown). 

Thus, Ab responses in the upper respiratory tract are primarily due to lymphoid responses 

in mucosal tissues. Upper respiratory tract immunity is most likely induced from 

stimulation of local lymphoid tissues, as oral immunization can also augment immunity 

in the nasal passages; however, the Ab responses within the lungs are derived from both 

local and systemic immune systems. 

Although the contribution of systemic immunity in protection differs between 

upper and lower respiratory tract, mucosal immunization is still necessary to develop lgA 

responses in nasal passages and lungs. Parenteral immunization alone was unable to elicit 

an IgA responses within the respiratory tract. Intranasal immunization readily stimulated 

lgA production in both the upper and lower respiratory tracts. In fact, it appears that both 

~ upper and lower respiratory tracts are predisposed to producing lgA responses. In 

support, there was a substantially greater number of spontaneous lgA-producing cells in 
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nasal tissues and lungs of naive (unimmunized) mice than cells secreting IgG or IgM. 

Intranasal immunization also resulted in specific IgA in nasal secretions and large 

numbers of antigen-specific IgA-AFC within both nasal tissues and lungs. However, 

there was a significant number of antigen-specific !gO-producing cells in lungs, whereas 

IgG responses were minimal in the upper respiratory tract. Furthermore as parenteral 

immunization alone did not stimulate IgA responses, it was surprising that parenteral 

immunization followed by intranasal immunization not only resulted in secondary IgG 

responses in lungs, but pulmonary IgA responses were also enhanced. The mechanisms 

for this are unkno~ but studies suggest that migration of antigen-presenting B cells 

from peripheral lymphoid tissues to the intestines may contribute to generation of 

mucosal lgA responses after parenteral immunization [15]. A similar mechanism may be 

contributing to humoral immunity, including IgA, within the lung after intraperitoneal 

immunization. In a previous study [59], we also showed that the initial B cell responses 

generated in the upper respiratory tract in response to respiratory virus infection is indeed 

IgA. Thus, the microenvironment within both the upper and lower respiratory tracts 

preferentially promotes IgA productio~ supporting the idea that mucosal IgA responses 

are critical to prevent infectious diseases of the upper respiratory tract and the subsequent 

spread of infections along the airways into the lungs. 

We examined the deposition of antigen following intranasal inoculation of 

luciferase and found the majority of inoculum was deposited in the respiratory tract. This 

suggests the effectiveness of intranasal immunization to stimulate mucosal lgA responses 

is through deposition of antigen directly on a mucosal inductive site, most likely the nasal 
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associated lymphoid tissue (NALT) [112;115]. However, antigen-specific lgA responses 

in the gastrointestinal and genital tracts indicate that IgA-B cells, stimulated after 

intranasal immunization, can migrate to other mucosal sites. Ahernatively, it is possible 

that IgA in serum is being transported directly across mucosal epithelial surfaces or by 

hepato-biliary transport [58;82;83;91]. Ahhough the transport oflgA may be contributing 

to the IgA at other mucosal sites, there was little or no IgA found in serum at this time 

point after intranasal immunization using this dose of adjuvant (0.1 J.lg C1). Also, IgA 

responses were found in spleen cells, supporting the idea that IgA-B cells can migrate 

from respiratory tract lymphoid tissues to non-respiratory tract tissues, which likely 

includes other mucosal sites. This also would suggest the possibility of primed-IgA B 

cells migrating from the upper respiratory tract into the lung, thereby bolstering 

pulmonary immunity against infections found initially in nasal passages. Thus, our data 

supports the efforts to use intranasal immunization to enhance immunity at other mucosal 

sites [40;42;47;84], as well as throughout the respiratory tract. 

Despite the promise of intranasal immunization to protect from respiratory 

disease, our results support our previous observations that there is the potential to develop 

adverse immunopathologic reactions characterized by pulmonary airway inflammation 

associated with IgE production [95].1n the present studies, lowering dosages ofCT does 

reduce, but does not eliminate, these adverse reactions without compromising 

immunogenicity. The lymphoid infiltration into the lung may be one ofCT's mechanisms 

of adjuvancy. This effect of CT may have not only a quantitative impact on immunity in 

the lung, but by enhancing recruitment of cells from extrapulmonary sites, there may be 
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some qualitative effects. However, our data suggests that the microenvironment of the 

lung may still have some influence on the type of immune responses generated. In 

contrast to lungs, there was little histopathologic evidence of adverse reactions in nasal 

passages. Furthermore, systemic lymphoid responses did not readily contribute to 

immunity within the upper respiratory tract. These results verify previous observations 

that parenteral immunization results in limited immunity and protection from upper 

respiratory tract infections [31;73;77]. Importantly, lgA responses were shown to 

dominate humoral immunity after intranasal immunization throughout the respiratory 

tract, whereas lgG responses significantly contributed to immunity in lungs, and not in 

nasal passages. Despite the potential problems, intranasal immunization is an optimal 

approach to generate mucosal IgA responses in both the upper and lower respiratory 

tracts, and can also provide immunity at other mucosal sites. Thus, approaches need to be 

developed to avoid potentially serious immunologic or inflammatory reactions. For 

example, other adjuvants need to be examined for not only their adjuvant activity but also 

their potential immunopathology. However, it is possible, given the preferential 

production of IL-4 by lung cells (Manuscript in preparation), that IgE production will be 

a major component of any response to a soluble antigen given by this route unless 

approaches are develop to avoid these complications. By understanding the mechanisms 

of immunity operating in both the lower and upper respiratory tracts, the events leading 

to the development of IgE responses and recruitment of cells to the lungs can be 

identified. Future studies can then determine if these responses can be beneficially altered 

by treatment with recombinant cytokines or other modulators that down regulate IgE 
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production or cellular recruitment, leading to vaccine/adjuvant combinations, which 

induce appropriate protective immune responses. 
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Table 1. Numbers of antibody forming cells (AFC)/1 x 106 cells from naive mice 

Antibody fonning cells/106 cells 

lsotype Nasal passage Lung Spleen 

lgA 183 (2.0)·• 92(1.1)* 1 (1.2) 

IgG 5 (3.0) 11 (1.0) 12 (1.1) 

IgM 15 (1.3) 2 (2.5) 34 (1.0)* 

•Geometric mean (xl+ S.E.) from 3 experiments (2 experiments for lung IgG and 
IgM) containing 5 mice each. 

*Denotes the predominate isotype within a tissue (p-value ~ 0.05). 
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Table 2a. Number of influenza-specific AFC/ 1 x 106 cells from mice after 
intranasal immunization using the mucosal adjuvant, cholera toxin (CT) 

Amount of CT (J.lg)/intranasal immunization• 

Tissue I so type 0 0.1 0.5 2.5 • b 
l.p. 

Lung lgM 6 (3.0t 84 (1.42) 73 (2.8) 70 (1.6) 3 

IgG 14 (1.6) 344 (1.0) 348 (1.1) 1,074 (3.0) 1 

lgA 12(1.1) 2,576 (1.6) 2,871 (1.9) 2,965 (1.8) 0 

NP IgM 3 (3.5) 15 (1.3) 15 (1.5) 9 (1.6) 2 
(2.2) 

IgG 1 (1.6) 196 (1.8) 251 (1.8) 189 (1.4) s 
lgA 32 (1.1) 3,319 (1.5) 7,161 (1.4) 11,940 (1.2) 0 

Spleen IgM IS (1.0) 27 (1.1) 34 (1.2) 48 (1.2) 95 
(1.7) 

IgG 2 (1.2) 61 (2.8) 93 (4.6) 139 (3.0) 1.3 
(1.9) 

lgA 2 (1.9) 292 (1.3) 407 (1.9) 614 (1.2) 0 

1Mice were intranasally immunized weekly (4 times) with 7.5 JJ.& of 
influenza virus vaccine in combination with various doses of CT. Six days 
after the last immunization, the number of specific antibody producing 
cells/106 cells from each of the tissues was determined. 

~ce were intraperitoneally immunized weekly ( 4 times) without cr. 

cGeometric mean (x/+ S.E.) of the number of influenza antigen·specific SFC/106 
viable cells of the specified isotype. Results are taken from two experiments (5 
mice in each group for each experiment2 . 

.. ..__ 
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Table lb. Total number of influenza-specific AFC from each tissue obtained mice after 
intranasal immunization using the mucosal adjuvant, cholera toxin (CT) 

Amount of CT (f.lg)/intranasal immunization• 

Tissue Isotype 0 0.1 0.5 2.5 • b l.p. 

Lung IgM 18 (2.5)c 1,188 (2.3) 1,334 (1.0) 1,698 (2.1) 10 

I gO 41 (1.8) 15,382 (1.1) 20,091 (1.3) 26,182 (1.1) 3 

lgA 34 (1.0) 36,392 (2.0) 52,481 (1.4) 72,444 (1.8) 0 

NP IgM 3 (3) 7.7 (1.3) 7 (1.9) 5 (1.1) 2 (1.9) 

I gO 1 (1.6) 94 (1.8) 121 (2.4) 114 (1.0) 3 (1.1) 

lgA 27 (1.0) 2,296 (2.2) 3,656 (2.5) 3,793 (1.1) 0 

Spleen IgM 927 (1.6) 1,660 (1.3) 2,455 (1.3) 2,399 (1.5) 3,698 
(1.9) 

I gO 147 (1.3) 3,690 (3.4) 6,607 (5.0) 7,031 (4) 662 (2.1) 

IgA 10 (12) 17,620 (1.6) 28,973 (2.2) 31,046 (1.7) 13 (17) 

1Mice were intranasally immunized weekly ( 4 times) with 7.5 f.l8 influenza virus 
vaccine in combination with various doses of CT. Six days after the last 
immunization, the total number of specific antibody producing cells in the cells 
isolated from each of the tissues was determined. 

'Mice were intraperitoneally immunized weekly ( 4 tiines) without CT. 

cGeometric mean (x/+ S.E.) of the total number of influenza antigen-specific SFC of 
the specified isotype obtained from a tissue. Resuhs are taken from two experiments 
{5 mice in each group for each experiment). 
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Table 3. Immunization protocols used in this study. 

Dayo• Day7 Abbreviationb 

Intranasal antigen + CT Intranasal antigen + CT IN:IN 

Intraperitoneal antigen + CT Intranasal antigen + CT IP:IN 

Intranasal PBS Intranasal antigen + CT O:IN 

Intraperitoneal antigen + CT Intranasal PBS IP:O 

Intranasal PBS Intranasal PBS Control 

•oay of immunization with 5 J.lg influenza antigen plus 0.1 J.lg CT by either 
intranasal or intraperitoneal routes. As controls, intranasal inoculation with 
sterile PBS was done. 7 days after the day 7 immunizations, samples were 
collected for analysis. 

b Abbreviations used in text, tables, and figures to refer to these immunization 
groups. 
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Table 4. Number of influenza-specific AFC/1 x 106 cells from each tissue obtained from 
mice after intranasal immunization 

Route oflmmunization• 

Tissue lsotype Control IP:O O:IN IP:IN IN:IN 

NP lgA 0 2 (2.2)b 63 (1.5) 157 (1.3) 3,597 (1.2)* 

IgG 0 17 (4.7) 0 13 (4.2) 66 (9.4) 

IgM 0 22 (5.2) 7 (3.1) 121 (1.4) 7 (3.1) 

Lung IgA 0 10 (1.7) 3 (1.2) 67 (2.6)* 323 (1.7)* 

lgG 0 6 (1.7) 9 (1.2) 66 (1.4)* 27 (1)* 

IgM 0 3 (1.5) 5 (1.3) 17 (2.1)* 26(1.1)* 

Spleen IgA 2 (1.7) 5 (1.9) 10 (1.4) 16 (1.3) 899 (1.4)* 

IgG 2 (1.5) 26 (2.2) 10 (1.5) 69 (1.1) 265 (1.3)* 

IgM 11 (1.9) 38 (1.5) 53 (1.1) 59 (1.1) 344 (1.2)* 

•Immunization groups are denoted as described in Table 3. All immunizations 
were with inactivated influenza virus vaccine plus 0.1 J.Lg cholera toxin. 

bGeometric mean (x/+ standard error) of number of AFC/106 cells from 3 
experiments (2 experiments for lung IgG and lgM) containing 5 mice each. 

*Significant11:: different from both primary immunization grouEs {O:IN and IP:O} 

44 



Table 5. Percentage of lucifemse distribution following intranasal 
inoculation. 
Tissue Lueiferase Activity 
Nasal Passages 10 ±4 
Tmchea 7±3 
Esophagus 21 ±9 
Lung 71 ± 14 

Mice were intranasally inoculated with 24 J.ll of luciferase enzyme. Five 
minutes after inoculation, tissues were collected and measured for 
luminescence. 
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Figure 1. Influenza antigen-specific serum antibody responses after intranasal (i.n.) 

immunization with antigen plus various doses of CT. Mice were i.n. immunized 

weekly with 7.5 J.lg influenza virus vaccine in combination with various doses ofCT (0.1, 

0.5, 2.5 J,lg), including antigen alone (0 J,lg CT i.n.). One group of mice (Lp.) was 

intraperitoneally immunized with antigen, but without CT. Sera was collected by retro· 

orbital bleeds at the indicated time points (Days after initial immunization). The results 

are from serum collected from two experiments. 
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Figure 2. Histopathologic changes in lungs of mice intranasally immunized with 

influenza virus vaccine plus the mucosal adjuvant, CT. Mice (n=4) were intranasally 

immunized with influenza virus vaccine (7.5 J.Lg) either (a) alone or (b) in combination 

with CT (0.1 J.Lg) on days 0 and 7. Three days later, lungs were collected for histology. 

There were no histologic changes in lungs of any mice given antigen alone. However, 

there was a massive infiltration of cells around the airways and blood vessels throughout 

the lungs of all mice immunized with antigen plus CT. 
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A. Influenza antigen alone B. Influenza antigen + CT 

49 



Figure 3. The effect of intranasal immunization using CT on serum lgE levels 

(nglml). Mice were i.n. immunized weekly with 7.5 J.Lg influenza virus vaccine in 

combination with various doses of CT (0.1, 0.5, 2.5 J.Lg), including antigen alone (0 J.Lg 

CT i.n.). One group of mice (i.p.) was intraperitoneally immunized with antigen, but 

without CT. Sera was collected by retro-orbital bleeds at the indicated time points (Days 

after initial immunization). The results are from serum collected from two experiments. 

Unimmunized mice (not shown) had total serum IgE levels of:; 260 nglml. 
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Figure 4. Serum antibody responses after intranasal and intraperitoneal priming. 

Immunization groups are denoted as described in Table 3. All immunizations were with 

inactivated influenza virus vaccine plus 0.1 J.lg cholera toxin. Sera were collected 14 days 

after primary immunization. The results are from serum collected from three 

experiments. A single asterisk "*" denotes statistical differences (p s 0.05) from control 

while double asterisks "**" denotes differences (p :s; 0.05) from mice given primary 

immunizations only (O:IN and IP:O). 
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Figure 5. Intranasal, but not intraperitoneal immunization, induces antigen-specific 

IgA production in the upper respiratory tract. Immunization groups are denoted as 

described in Table 3. All immunizations were with inactivated influenza virus vaccine 

plus 0.1 J.!g cholera toxin. Nasal washes were collected 14 days after primary 

immunization. The results are from samples collected from three experiments. A single 

asterisk "*" denotes statistical differences (p s; 0.05) from all other immunization groups. 
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Figure 6. Intranasal, but not oral immunization, induces antigen-specific lgA 

production in the gastrointestinal and urogenital tracts. Mice were either intranasally 

or orally immunized on day 0 and 7 with inactivated influenza virus vaccine plus 0.1 ~g 

cholera toxin. (a) Sera, (b) fecal samples, and (c) urogenital washes were collected 14 

days after primary immunization. The results are from three experiments. A single 

asterisk "*" denotes statistical differences (p s 0.05) from control while double asterisks 

"**"denotes differences (p s 0.05) from all other immunization groups. 
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CHAPTER ill 

The Effectiveness oflnterleukin-4 (IL-4) and Interferon-y-(IFN-y) Mediated 

Responses in Controlling Mycoplasma pulmonis Infection Differ Between the 

Upper and Lower Respiratory Tracts 

The purpose of the present study was to determine the protective role of IL-4 and 

IFN-y-mediated responses in the upper and lower respiratory tracts during infection with 

the respiratory pathogen Mycoplasma pulmonis. To measure IL-4 and IFN-y mRNA 

during infection, BALB/c mice were nasally infected with M pulmonis. Control mice 

showed mRNAs for IFN-y and IL-4 to be equal in both the nasal passages and lung. 

However, during infection, IL-4 mRNA expression greater in the nasal passages, while 

IL-4 and IFN-y mRNAs were increased in the lungs. Ahhough there was no significant 

difference in serum and lung IgA, IgG and IgM responses during infection, IgG 1 

responses were significant in the serum and lungs of IFN-y -t- mice, suggesting depletion 

if IFN-y resuhs in a Th2 environment. As well, antigen-specific nasal lgA was increased 

in IL-4·'· mice. To examine the role ofiL-4 and IFN-y-mediated responses in controlling 

mycoplasma infection, IL-4 ..;. and IFN-y -t- mice were infected with M pulmonis. We 

finind increased mycoplasma organisms in the lungs ofiFN-y-t· mice, suggesting a critical 

role for cell-mediated immunity in the lung. In contrast, IL-4..;. mice had greater 
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mycoplasma organisms in the nasal passage, indicating IL-4 responses are crucial for 

clearance of mycoplasma from the upper respiratory tract. This data demonstrates there 

are fundamental differences between the immune responses capable of controlling 

mycoplasma infection in the upper and lower respiratory tracts. Our results are consistent 

with Th2 responses having a significant effect on mycoplasma infection in the upper 

respiratory tract, whereas Thl responses have a greater impact on pulmonary infection. 

Introduction 

Murine respiratory mycoplasmosis (MRM), resulting from Mycoplasma pulmonis 

infection, is a naturally occurring respiratory infection in rats and mice and provides an 

excellent in vivo model of human respiratory mycoplasmosis [9]. Like many other 

respiratory pathogens, natural mycoplasma infection begins in the nasal passages and 

progressively disseminates into the lungs [61]. Mice infected with M pulmonis develop 

acute and chronic lung disease, which is characterized by mononuclear cell accumulation 

in all mucosal regions of the respiratory tract [20;94]. Eventually, the disease can 

progress to severe lesions of the lung and parenchyma [94]. 

Immune responses have a major imact on mycoplasma disease pathogenesis. 

Vaccination against mycoplasma respiratory disease demonstrates adaptive immune 

responses can control and/or prevent mycoplasma disease. Furthermore, studies have 

shown humoral immunity plays a major role during mycoplasma infection by preventing 

dissemination of mycoplasma into extrapulmonary sites [7;26]. However, adaptive 

immune responses alone have been shown to be ineffective at reducing pathology in the 

lung during mycoplasma infection, as the tmst susceptible mouse strains develop the 
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highest antibody reasponses [93;94] [8]. In fact, lymphocyte responses contribute to 

lesion development as immunocompromised mice were shown to develop less severe 

lung disease than normal immunocompetant mice [7]. Thus, generation of immunity 

against M pulmonis can have either beneficial or detrimental effects, but it is curently 

unknown what immune respones are involved in each of the effects. 

We believe that T cells play a key role in detennining the impact of host 

responses on mycoplasma respiratory disease, and by modulating their responses we can 

begin to uncover the mechanisms of immunity involved in the control of infection and 

pathogenesis of lesions. T cells are critical in the development of both humoral and cell

mediated immune responses. As well, T cells can also modulate inflammatory responses. 

In particular, T helper cells are roughly divided into two functionally distinct populations, 

Thl and Th2. Thl cells are primarily involved in generating cell-mediated immunity. In 

contrast, humoral immunity is associated with Th2 cell activity. Specifically, Th2 cells 

are important in mucosal IgA responses. These T helper cell subsets are characterized by 

their cytokines secreted. Thl cells produce IL-2, IFN-y, and granulocyte-macrophage 

colony stimulating factor (GM-CSF), while Th2 cells synthesize IL-4, IL-5, IL-6 and IL

l 0. Importantly, IFN-y regulates macrophage activation, while IL-4 mediates antibody 

production. One of the best-studied models of infectious disease and the role of Thl and 

Th2 cells is murine cutaneous leishmaniasis. Thl cells were shown to promote resistance 

to or healing from L. major disease while Th2 cells increase the severity of disease 

[87;88]. Thus, we believe that the balance between beneficial and detrimental host 

responses during mycoplasma respiratory disease is due to the function of different T cell 
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populations; however, little is known about the roles of Thl and Th2 cells on controlling 

mycopJasma disease. 

Chapter two demonstrates that there are significant differences between immune 

and inflammatory responses generated in the upper (nasal passages) and lower (lung) 

respiratory tracts. Although much work has focused on the roles of innate and adaptive 

immune responses during mycoplasma infection of the lung, the protective role of these 

responses in the upper respiratory tract is poorly understood. Preliminary data in our lab 

indicates there are differences between the immune responses generated in the upper and 

lower respiratory tract dwing mycoplasma immunization. These differences contribute 

to the clearance of mycoplasma in both the upper and lower respiratory tracts. As well, 

we have shown there are different inflammatory responses generated in the upper and 

lower respiratory tract during intranasal immunization [39], which may contribute to 

disease. Thus, it is possible that the roles of T helper cell subsets in controlling 

mycopJasma infection differ along the respiratory tract. 

The purpose of this study was to examine the role of IL-4 and IFN-y-mediated 

responses in both the upper and lower respiratory tracts during mycoplasma infection in 

IL-4"'" and IFNy-1· mice. For these studies, we utilized IL-4-t- and IFNy-1· mice to determine 

the influence of these cytokines during respiratory tract infection. IL-4"'· mice are 

deficient in Th2 responses and intestinal mucosal immunity is compramised, while IFNy" 

,_mice have impaired Thl mediated immunity. Initially we demonstrated in mycoplasma 

infected mice, IL-4 mRNA expression was greater in the nasal passages, while mRNAs 

for both ll..-4 and IFN-y were increased in the lungs. In cytokine knockout mice, we 
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found increased mycoplasma organisms in the lungs of IFN-y-t· mice, suggesting a 

protective role for cell-mediated immunity in the lung. In contrast, IL-4-t- mice had 

greater mycoplasma organisms in the nasal passage, indicating IL-4 responses are crucial 

for upper respiratory tract protection. Although there was no significant difference in 

serum Ig.A, IgG and IgM-antibody responses during infection, antigen-specific nasal lgA 

was decreased in IFN-/· mice, indicating lgA responses may not play a significant role 

in upper respiratory protection. This data demonstrates there are differences between the 

immune responses generated in the upper and lower respiratory tracts during mycoplasma 

infection, and their importance at providing protection against respiratory 

mycoplasmosis. 

Materials and Methods 

Animals. Female BALB/c mice were obtained from The Jackson Laboratory 

(Bar Harbor, ME). All mice were maintained in sterile microinsolator cages and sterile 

bedding, fuod and water were given ad libitum. Prior to experimental manipulation, mice 

were anesthetized with an intramuscular injection of ketamine/xylazine. For intranasal 

infection, mice were allowed to inhale 20 J.Ll of Mycoplasma pulmonis, which was placed 

upon the nares. Serum samples were obtained by retro-orbital bleeding, or by laceration 

of the femoral vein upon sacrifice. Nasal washes were obtained by flushing 1 ml of sterile 

PBS through the anterior (oral) entrance of the nasal passages using a syringe with a 21 

gauge needle, and collecting the fluid as it exits the nares. Bronchoalveolar . lavages 

(BAL) were collected as previously described [21]. Briefy, a sterile 19-gauge 

intravenous catheter (Deseret Medical, Becton-Dickinson, Inc., Sandy, Utah) was 
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inserted into the tracheas of mice, and 2.0-ml of sterile PBS was flushed in and out ofthe 

lung three times. Samples were stored at -80° C Wltil use. 

M. pulmonis. The UAB CT strain of M. pulmonis was used in all experiments. 

Stock cultures were grown as previously described [61] in mycoplasma broth and frozen 

in 1 ml aliquots at -80° C. For inoculation, thawed aliquots containing 2 X 107 colony 

forming units (CFU) of M. pulmonis per ml were diluted to 105 CFU/20 J.1}. For infection, 

20 ...,1 inoculations were given intranasally. 

RNA isolation from nasal passages and lungs. Total RNA was isolated from 

both whole lungs and nasal passages of mice using the Ultraspec-fiTM RNA Isolation 

System (Biotecx Laboratories, Inc., Houston, TX). Briefly, nasal pasages and lungs were 

homogenized in the Ultraspec-fiTM RNA reagent using a Pro 200 homogenizer (Pro 

Scientific, Monroe, CT). Chloroform was added to the homogenate and centrifuged at 

12,000 x g (4°C) for 30 minutes. The RNA was precipitated by adding isopropanol to the 

aqueous phase and centrifuging the samples at 12,000 X g (4°C) for 10 minutes. The 

RNA pellet for each sample was washed twice with 75% ethanol by vortexing and 

subsequent centrifugation for 5 minutes at 7,500 x g and then resuspended in 

diethylpyrocarbonate (DEPC)-treated water. The concentration and quality of RNA in 

each of the samples was determined spectrophotometrically ( GeneQuant IT, Pharmacia 

Biotech, Piscataway, NJ.) and by gel electrophoresis. The RNA samples were stored at -

80°C until ready for use. 

Revene Transcription-Polymerase Chain Reaetion (RT -PCR). The RNA 

samples were denatured by incubation at 65°C for 2 minutes and then chilling to 4°C in a 
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thermocycler (PTC lOOAgV, MJ Research, Inc., Watertown, MA). The following 

reagents were obtained from Promega (Madison, WI) for synthesis of complementary 

DNA (eDNA) by .the reverse transcription (RT) reaction: 25 mM MgCh; lOx reaction 

buffer containing 500 mM KC~ 100 mM Tris-HCI, pH 9.0 at 25 DC, and 1.0% Triton X-

100; 100 mM solutions each of dATP, dCTP, dGTP, and dTTP; recombinant 

ribonuclease inhibitor (RNA.sin) (40 U/JJl); and Moloney murine leukemia virus reverse 

transcriptase (M-ML V RT) (200 U/JJl). The oligo dCDt6 primer (50 JJM) was synthesized 

at Research Genetics (Huntsville, AL). An aliquot containing 100 ng of sample RNA was 

added to 9 J.ll of the reverse transcription master mix which contained 5.6 mM MgCh, 

1.1x of lOx reaction buffer, 1.1 mM of each of the dNTPs, 1.1 U ofRNasin, and 2.8 JJM 

oligo d(T)t6 primer. 1be RT reaction was done in a thermocycler (MJ Research, Inc., 

Watertown, MA) at 42DC for 15 minutes; 37°C for 45 minutes; and 99°C for 5 minutes. 

The following reagents were obtained from Promega for the polymerase chain 

reaction (PCR): 25 mM MgCh; lOx reaction buffer containing 500 mM KC~ 100 mM 

Tris-HC~ pH 9.0 at 25°C, and 1.00/o Triton X-100; and Taq DNA polymerase (5 U/JJI). 

The 3' and 5' primers for the cytokines and B-actin were synthesized at the UAB 

Oligonucleotide Core Facility. The sequences ofthe primers and the size of the resuhing 

PCR fragments for IL-4, B2mGL and IFN""Y are given in Table 1. 

Forty J.ll of PCR master mix containing 1.25 mM MgCh, lx of lOx reaction 

buffer, 0.03 U of Taq DNA polymerase and 15 J,LM each of a 3' and 5' primer for each 

specific cytokine. B2mGL, a housekeeping gene, was used as the internal controL The 

mix was added to a tube containing a total of 10 J.d of the eDNA synthesized in the RT 
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reaction. The tubes were incubated in a thermocycler (MJ Research, Inc., Watertown, 

MA) using the following cycling parameters: 95°C for 2 minutes (xl); 94°C for 45 

seconds, 60°C for 2 minutes, 72°C for 3 minutes; 72°C for 7 minutes; and held at 4°C. 

The increase in expression of cytokine mRNA after immunization was determined 

by the number of cycles of amplification which resulted in little or no PCR product for 

each cytokine in total lung RNA from sham-inoculated control mice similar to that 

previously described [86]. For IFN-y the samples were amplified for 30 cycles, while IL-

4 was run for 35 cycles. PCR products were separated on l.SOA, agarose gels and stained 

with ethidium bromide. Gels were visualized using Alpha Image 2000 Documentation 

and Analysis System (Alpha Innotech Corp., San Leandro, CA). Densitometry analysis 

was performed to compare the relative cytokine mRNA reactions after normalization to 

the housekeeping gene, B2mGL. 

Preparation of M. pulmonis antigen for immunoassays. A whole cell lysate of 

M. pulmonis was prepared and used for immunoassays [76]. 5 mg/ml was added to 20 ml 

of pre-warmed (37°C) lysing buffer (5.3 g Na2C03, 4.2g NaHC03 in 1 liter distilled 

water, pH 10) and incubated at 3~C for 15 min. Following incubation, 22g of boric acid 

was added to the lysed cells, and the antigen prep was stored at -80°C until used for 

immunoassays. 

Mycoplasma-specific antibody ELISA. Falcon Microtest III assay plates 

(Becton Dickinson, Oxnard, CA) were coated with optimal concentrations of M 

pulmonis lysate antigen (10 J.lg/ml) in PBS. After overnight incubation at 4°C, the plates 

were washed 3 times with PBS/0.05% Tween 20, and blocked with PBS supplemented 
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with 10% fetal calf serum (Hyclone, Log~ UT) at 4°C, overnight. Serum samples were 

serially diluted with PBS supplemented with 1 00/o fetal calf serum, and 100 J.ll was placed 

in duplicate into wells of the antigen-coated plates. After 2 hours incubation at 3'PC, the 

plates were washed 4 times with PBS/0.05% Tween 20. Secondary antibodies 

(biotinylated anti-mouse stock reagents of 0.5 mg/ml, Southern Biotechnology 

Associates, Inc., Birmingham, AL) were diluted 1:2,000 in PBS/0.05% Tween 20/10% 

goat senun, and l 00 J.ll were added to the appropriate wells. After overnight incubation at 

4°C, the plates were again washed 4 times with PBS/0.05% Tween 20, and a 1 :2,000 

dilution in PBS/0.05% Tween 20110% goat serum of horseradish peroxidase (HRP)

conjugated strepavidin (Neutralite avidin, Southern Biotechnology Associates) was added 

to the wells (100 J.ll). The plates were incubated at room temperature for 1 hour, and the 

plates were washed four times with PBS. The reactions were developed at room 

temperature using (3,3')5,5'-tetramethylbenzidine (Th1B, Moss, Inc., Pasadena, MD) as 

the substrate, and the O.D. of the color reaction was read at 630 nm. Endpoint Ab titers 

were expressed as the reciprocal dilution of the last dilution that gave an optical density 

(O.D.) at 630 nm of ~ 0.1 unit above the O.D. · of negative controls after 20-min 

incubation. 

To detect antigen-specific IgA Abs in nasal washes and BAL fluid, nasal wash 

samples were diluted l :2, and BAL samples were diluted 1: 10 in PBS containing 10% 

fetal calf serum and added to the appropriate wells of antigen-coated plates. The reactions 

were developed as for serum samples. 
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Mycoplasma numbers. Following infection, lungs and nasal passages were 

quantitatively cukured as previously described [19;61;86]. Briefly, lungs were minced 

and both lungs and nasal passages were placed in mycoplasma broth media. The samples 

were sonicated for 2 minutes and 1: 10 serial dilutions were prepared. 20 J..Ll of each 

dilution was plated onto mycoplasma plate media. After 7 days of incubation at 3 rc, 

colonies were counted and the number of CFU recovered from each tissue was 

calculated. 

Statistical Analysis. Data were analyzed by analysis of variance followed by 

Fisher protected least significant difference multigroup comparison .. Analyses were 

performed using StatView (SAS Institute Inc., Cary, NC) computer programs. When 

appropriate, data was logarithmically transformed prior to statistical analysis, and 

confirmed by a demonstrated increase in the power of the test after transformation of the 

data. A p value of~ 0.05 was considered statistically significant. If data was analyzed 

after logarithmic transformation, the antilog of the means and standard errors of the 

transformed data was used to present the data and are referred to as the geometric means 

(xi~ standard errors). 

Results and Discussion 

Upper and lower respiratory tracts dift'er in their relative expression of IL-4 

and IFN-y after mycoplasma infection. Results from chapter two demonstrate there are 

significant differences between immune and inflammatory responses generated in the 

upper and lower respiratory tracts. To determine if there are qualitative differences 

between upper and lower respiratory tract cytok.ine expression after mycoplasma 
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infection, IL-4 and IFN-y mRNA expression was measured in the nasal passages and 

lungs fourteen days post-infection using RT-PCR 5' and 3' primers specific for IL-4 and 

IFN-y. After RT-PCR, the primers generated fragments of the predicted size (Table 1). 

Uninfected control mice showed mRNAs for IFN-y and IL-4 to be equal in both 

the nasal passages and the lung. However, during infection, mRNA expression for IL-4 

was greater (p S 0.05) than IFN-y in the nasal passages. The preferential expression ofiL-

4 in the nasal passages of infected mice suggests that Th2 responses predominate in the 

upper respiratory tract during mycoplasmosis. Previous work bas shown nasal passages to 

be a Th2 dominant site [38]. In addition, IL-4 is an important cytokine for initiating IgE 

and hypersensitivity responses [48;109]. Previous studies demonstrate the presence of 

mycoplasma-specific IgE in the upper respiratory tract and lungs of infected rats [97]. In 

addition, studies in our laboratory show intranasal immunization results in increased IgE 

production [39]. Thus, our resuhs are consistent with the generation of Th2 cell activity 

in the nasal passages in response to mycoplasma infection. 

In the lungs of infected mice, IFN-y and IL-4 mRNA expression was equivocal 

(Fig. 1 ). The increased expression of both cytokines implies both humoral and cell-

mediated immune responses may be important during infection of the lower respiratory 

tract. Previous studies in our Jab demonstrate the lung is predominately a Th2 

environment [45]. However, at fourteen days post-infection, mycoplasma-specific Thl 

cells are also present (manuscript in preparation). Importantly, IFN-y is a key cytokine 

fur activation of alveolar macropbages, which are crucial for protection against 

.. pulmonary mycoplasmosis [37]. Possible sources ofiFN-y in addition to Thl cells may 
'· 
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be yo T cells, cytotoxic T cells, or natural killer cells. These data are consistent with 

. other studies in our lab demonstrating that ahhough resident T helper cells in the lung are 

Th2, Thl responses can also be activated during intranasal immunization [45]. Thus, our 

data demonstrates there are qualitative differences between cytokine responses in the 

upper and lower respiratory tracts after mycoplasma infection, which may contribute to 

the control of infection and pathogenesis of disease. 

Mycoplasma CFUs in the respiratory tract of infected normal and cytokine 

deficient mice. To investigate the contribution of IL-4 and IFN-y responses at 

controlling respiratory mycoplasmosis, IFNy"'· and IL-4·'· mice were infected M 

pulmonis. Fourteen days after infection, the lungs and nasal passages were removed and 

mycoplasma CFUs were determined in each tissue. We also confirmed using RT-PCR 

that IL-4 and IFN-y knockout mice were deficient in pulmonary mRNA expression of the 

appropriate cytokines, while normal mice expressed both IL-4 and IFN-y mRNAs after 

infection. 

IL-4 was necessary for control of mycoplasma infection in the upper respiratory 

tract. Following infection, IL-4-t- mice bad significantly higher (p ~ 0.05) numbers of 

mycoplasma CFUs in the nasal passages compared to normal and IFN-y-t- mice (Fig. 2a), 

indicating the importance of IL-4 in the upper respiratory tract for clearance of infection. 

It is possible that IL-4-t- mice bad impaired mucosal immunity [107], resulting in 

exacerbation of infection. In addition, there was no statistical difference between CFU s in 

IFN-y-t- and control mice, indicating cell-mediated responses may not be as criticalduring 
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clearance of mycoplasma from the upper respiratory tract. Th~ IL-4 dependent 

mechanisms are involved in controlling infection in the upper respiratory tract. 

In contrast to nasal passages, IFN/- mice had increased numbers (p ~ 0.05) of 

mycoplasma CFUs compared to IL-4.,._ and control animals (Fig. 2b), indicating a role for 

cell-mediated immunity in resistance to pulmonary mycoplasmosis. Furthermore, IL-4.,._ 

mice had similar numbers of mycoplasma in the lungs compared to normal mice, 

indicating IL-4 responses alone are not suppressing mycoplasma infection in the lung. 

This data suggests IFN-y-mediated, not IL-4, immune responses play a critical role in 

pulmonary control of mycoplasma infection. 

Serum and respiratory antibody responses after infection. T helper cell 

subsets differ in their abilities to support antibody responses. Th2 cells produce a variety 

of cytokines involved in hunoral immunity [45]. In particular, Th2 cells are the 

predominate T helper cell subset found in the gut and respiratory tract [45], and are 

associated with mucosal immunity. In fact, IL-4-/- mice, who are deficient in Th2 cells, 

have impaired intestinal IgA responses to orally-given antigen [45]. To determine if 

differences in antibody responses could account for the variation in mycoplasma numbers 

found along the respiratory tract, IL-4.,._ and IFN-y-'· mice were nasally infected with M 

pulmonis. Fourteen days after infection, lung lavages, nasal washes and serum were 

collected from each mouse and the amount of antigen-specific lgA, IgG, IgG 1, lgG2a, 

and IgM was measured by EUSA 

There was no significant difference in antigen-specific serum (Fig. 3) and lung 

(Fig. 4) lgA, IgG or IgM antibody production between nonnal, IL-4.,._ and IFN-y.,.. mice, 
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suggesting these antibodies alone do not play a significant role in controlling infection of 

the lower respiratory tract. However, IFN-y-'· mice had greater amounts oflgG 1 in serum 

and lung lavages compared to normal and IL-4..,. mice. This antibody is characteristic of 

a Th2 atmosphere and is consistent with a depletion in IFN-y, leading to increased Tb2 

antibody responses. 

As previous studies demonstrate that intestinal IgA responses were impaired in 

IL-4..,. mice [45], we were surprised by the lgA responses in mycoplasma infected mice. 

There was no significant difference in serum and lung lgA responses in normal and 

cytokine deficient mice. However, IL-4..,. mice produced significantly higher amounts of 

nasal wash IgA (Fig. 5) compared to normal and IFN-/· mice (p s 0.05). This data is 

consistent with previous studies showing the presence of IL-4 independent mechanims 

for mucosal IgA production [44], however, the reason for the intact lgA response is not 

clear. In any case, IL-4·'- mice had reduced protection in the nasal passages despite 

increased levels of specific nasal IgA, suggesting lgA responses alone are not responsible 

for the clearance of mycoplasma in the upper respiratory tract. 

In summary, we examined the roles ofiL-4 arid IFN-y in both the upper and lower 

respiratory tracts during mycoplasma infection. The presence of increased mycoplasma 

organisms in the lungs of IFN-y..,. mice, suggests a critical role for cell-mediated 

immunity in respiratory mycoplasmosis. In fact, previous studies have shown cell

mediated immunity to be important for pulmonary clearance of mycOplasma 

[7;37;53;75]. These protective inflammatory responses are thought to be primarily IFN-y 

,~ted, inducing alveolar macrophage killing of mycoplasma [36;37;53]. In addition, 
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alveolar macrophage depletion reduces pulmonary macrophage killing of mycoplasma in 

mice [37]. There are several possible sources of IFN-y, other than Thl cells, during 

respiratory infection that can activate alveolar macrophages. These include natural killer 

cells, cytotoxic T cells and yo T cells. Futher studies examining the effects of IFN-f 

depletion on alveolar macrophages activation would clarify the specific role of cell· 

mediated responses in the lower respiratory tract during mycoplasma respiratory 

infection. As well, future work should include studies to determine the contribution of 

IFN·y" produced by adaptive (Thl and cytotoxic T cells) and innnate (natural killer cells 

and yo T cells) immune responses. 

In contrast to lungs, IL-4.,_ mice had greater mycoplasma organisms in the nasal 

passage, indicating IL-4 responses are crucial for upper respiratory tract clearance. 

Surprisingly, IgA responses alone do not appear to play a significant role in upper 

respiratory tract in controlling mycoplasma infections. An interesting possibility is that 

IgE responses may play an important role during upper respiratory tract protection. IgE 

has been shown to be beneficial during certain parasitic infections [1 02]. However, if 

IgE responses are indeed involved in controllirig mycoplasma infection, this bas 

implications with studies suggesting a role for mycoplasma infection and asthma [69;70]. 

Experiments measuring the effects oflgE depletion on mycoplasma clearance in the nasal 

passages would further clarify the significance of this antibody in the upper respiratory 

tract. 

In summary, these studies clearly demonstrate immune mechanisms responsible 

for controlling mycoplasma infection differ between the upper and lower respiratory 
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tract. Importantly, our results suggest the type of immune responses that can protect from 

mycoplasma infection differ along the respiratory tract, and need to considered during 

vaccine development for optimal protection. Further studies are needed to identify the 

cytokine-mediated mechanisms involved in controlling and preventing mycoplasma 

infection. 
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Table 1. Primers for detectioa of IL-4 and IFN·y mRNA by RT -PCR. 

Primer Oligonucleotide sequence RT-PCR product size (bp) 
IL-4 5' CGGCATTTTGAACGAGGTC 216 

5'GAAAAGCCCGAAAGAGTCTC 

IFN-y 5' GCTCGAGACAATGAACGCT 227 
5'AAAGAGATAATCTGGCTCTGC 

.B2mGL 5'TGACCGGCTTGTATGCTATC 222 
5'CAGTGTGAGCCAGGATAT AG 
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Figure 1. Cytokine mRNA expression in the respiratory tract after infection. All 

infections were with 20 J.ll of 10 5 CFUs of Mycoplasma pu/monis in RPMI media. 

Fourteen days following infection, lungs and nasal passages were removed and total 

RNA was isolated. IL-4 and IFN-y cytokine mRNA was measured in each tissue by 

using RT-PCR 5' and 3' primers specific for IL-4 and IFN-y. The data is collected from 

one experiment (n=6). A single asterisk "*" denotes statistical differences (p ~ 0.05) 

from all other groups. 
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Figure 2. Mycoplasma CFUs in the respiratory tract after intranasal infection. All 

infections were with 20 J.Ll of 10 5 CFUs of Mycoplasma pulmonis in RPMI media. 

Fourteen days after infection, the number ofmycop.lasma CFUs in (a) nasal passages and 

(b) lungs was determined. The data is collected from two experiments (n=8), and 

expressed as the means+/- standard deviation. A single asterisk "*" denotes statistical 

differences (p ~ 0.05) from all other groups. 
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Figure 3. Antigen-sp«ific serum antibody responses after intranasal infection. All 

infections were with 20 J.ll of 10 3 CFUs of Mycoplasma pu/monis in RPM! media. Sera 

were collected from control (solid black bars), IFN-y"'- (solid gray bars) and IL-4"'

(hatched bars) mice 14 days after infection. The data is collected from three experiments 

(n=l2), and expressed as the means+/- standard deviation. A single asterisk"*" denotes 

statistical differences A single asterisk "*"denotes statistical differences (p :S: 0.05) from 

all groups. 
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Figure 4. Antigen-specific lung antibody responses after intranasal infection. All 

infections were with 20 J.1l of 10 5 CFUs of Mycoplasma pulmonis in RPMI media. 

Bronchoalveolar lavages were collected from control (solid black bars), IFN-y-t· (solid 

gray bars) and IL-4·'· (hatched bars) mice 14 days after infection. The data is collected 

from one experiment (n=6), and expressed as the means +/- standard deviation A double 

asterisk "**" denotes statistical differences (p ~ 0.05) from control mice. 
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Figure S. Antigen-specific nasal lgA responses after intranasal infection. All 

infections were with 20 J.ll of 10 5 CFUs of Mycoplasma pulmonis in RPMI media. Nasal 

wash samples were collected 14 days after infection. The data is collected from three 

experiments (n=l2), and expressed as the means+/- standard deviation A single asterisk 

"*"denotes statistical differences (p ~ 0.05) from control mice. 
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CHAPTER IV 

The Role of Upper and Lower Respiratory Tract Immunity in Resistance to 

Respiratory Mycoplasmosis 

The purpose of the present study was to determine if selective upper respiratory 

tract immunization against mycoplasma is an effective approach to protect against murine 

mycoplasma pneumonia. To determine if selective immunization of the upper respiratory 

tract was possible, BALB/c mice were intranasally inoculated with either 10 (upper 

respiratory immunization) or 24 J.tl (total respiratory immunization) of luciferase enzyme. 

Intranasal inoculation with 10 J.tl of luciferase deposits the antigen mainly into the nasal 

passages (90 %), while inoculation with 24 J.ll of luciferase deposits antigen into the lung 

(78 %). To determine if selective upper respiratory immunization results in significant 

antibody responses compared to total respiratory immunization, BALB/c mice were 

nasally immunized with either 10 or 24 )ll of mycoplasma antigen alone or in 

combination with the mucosal adjuvant CT. The inclusion of CT was necessary to 

generate significant antibody responses during immunizations. Consistent with antigen 

deposition, nasal inoculation with 10 J.Ll volume of antigen plus CT resulted in generation 

of significant IgA responses in the nasal passages compared to mice given 24 J.tl 

immunizations; however, lower respiratory tract immunizations generated lgA-antibody 

responses in both nasal passages and lungs. In addition, both immunizations resuhed in 

equivalent serum antibody responses. Both upper and lower respiratory tract 

immunizations provided protection in the nasal passages when CT was added. However, 
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in the lung, all immunizations resulted in protection against mycoplasma infection, 

regardless of the inclusion of CT, suggesting a different role for CT as an adjuvant in 

upper and lower respiratory tract immune protection. In summary, although intranasal 

immunization is the optimal approach to protect against respiratory disease, there are 

differences between the immune responses generated in the upper and lower respiratory 

tract during immunization and infection with mycoplasma. These differences must be 

considered when designing respiratory vaccines. 

Introduction 

Respiratory tract immune responses are important in the prevention and the 

pathogenesis of various respiratory tract diseases, such as viral and bacterial pneumonias 

[35;59;96;97]. Many of these pathogens infect the upper respiratory tract (nasal passages) 

prior to dissemination to the lower respiratory tract (airways and lungs). This suggests 

generating immunity against upper respiratory tract infections will decrease the chance of 

subsequent lower respiratory tract disease. Previous studies have suggested local 

immunization may be able to confer protection [85]. However, the generation of 

antibody in the upper and lower respiratory tract after selective upper respiratory tract 

immunization has not been studied. 

The upper respiratory tract is both the initial site of infection and the major locale 

for antibody production after experimental respiratory infections [59;85;96;97]. There is 

also evidence of a significant protective advantage to using the intranasal route of 

immunization [40;71;114;116]. Furthermore, studies clearly show that protection from 

infection of the upper respiratory tract is primarily due to local immunity, particularly 

--.. IgA in mucosal secretions [2;6;96;114;116]. Previous studies from our lab have shown 
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that systemic immunization does not induce lgA production in the upper respiratory tract 

whereas intranasal immunization does [39]. Both systemic and intranasal immunizations 

induced lgA, IgG and lgM responses in the lung. This demonstrates generation of 

antigen-specific humoral responses in the upper respiratory tract is separate from the 

lower respiratory tract. Based on the above, we believe that selective upper respiratory 

tract immunization is an optimal route of administration of vaccines against respiratory 

tract infections. 

Mycoplasma is an important mucosal pathogen of the respiratory and urogenital 

tracts in humans, and probably the best-known and most important mycoplasma disease 

in humans is Mycoplasma pneumoniae respiratory disease. In the United States alone, M 

pneumoniae accounts for 8 to 15 million cases of pneumonia per year. Despite its 

importance, there is currently no effective vaccine against M pneumoniae. Mycoplasma 

pulmonis respiratory infection in mice (MRM) is perhaps the best paradigm of human 

disease [7]. MRM is a disease caused by a pathogen in its normal host; the disease is 

extensively characterized. Like many respiratory diseases, MRM begins in the nasal 

passages and progressively spreads to the lungs, making it an ideal model to study the 

effectiveness of selective upper respiratory tract immunization (cite mycoplasma book). 

In fact, the upper respiratory tract is the initial and major site of antibody production after 

experimental infection [96]. Furthermore, previous studies support intranasal 

immunization can protect from mycoplasma disease [10;50;52;54;105]. However, 

immune responses generated in the upper and lower respiratory tracts after immunization 

bas not been previously examined for their roles in resistance to mycoplasma infection. 
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The purpose of the present study was to determine if selective upper respiratory tract 

immunization against mycoplasma is an effective approach to protect against murine 

mycoplasma pneumonia. 

Material and Methods 

Animals. Female BALB/c mice were obtained from the Harlan Sprague Dawley 

(Indianapolis, IN). All mice were used between 8 to 12 weeks of age. Prior to 

experimental manipulation, mice were anesthetized with an intramuscular injection of 

ketamine/xylazine. For intranasal immunization, mice were allowed to inhale either 10 or 

24 J.tl of inoculum, which was placed upon the nares. Serum samples were obtained by 

retro-orbital bleeding, or by laceration of the femoral vein upon sacrifice. Nasal washes 

were obtained by flushing 1 ml of sterile PBS through the anterior (oral) entrance of the 

nasal passages using a syringe with a 21 gauge needle, and collecting the fluid as it exits 

the nares. 

M. pulmonis. The UAB CT strain of M pulmonis was used in all experiments 

(University of Alabama at Birmingham, AL). Stock cuhures were grown as previously 

described in mycoplasma broth and frozen in 1 m1 aliquots at -80° C. For inoculation, 

thawed aliquots containing 2 X 107 colony forming units (CFU) of M pulmonis per m1 

were diluted to 106 CFU/20 J.1L For infection, 20 J..Ll inoculations were given intranasally. 

lmmunogens and adjuvants. Cholera toxin (CT) was purchased from List 

Biological Laboratories, Inc. (Cambell, CA), and 0.1 J.lg was used for intranasal 

immunization. M. pulmonis antigen was a crude membrane preparation as previously 

described [92]. Briefly, thawed M. pulmonis stocks were cultured at 3r C in Haylick's 
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media and harvested at pH 7.0. Cells were then centrifuged at 10,000 rpm for 20 min and 

pellets were resuspended in 5 ml of sterile 0.25 M NaCI. Following a second 

centrifugation at 9000 rpm for 20 min, pellets were resuspended in a total of 4 ml 2M 

glycerol at 3~ C. Cells were then sonicated at highest setting for 15 sec, followed by 

incubation at 3~ C for 10 min. For cell lysis, 0.5 m1 of the cell preps were then forced 

through a 27gauge needle into 25 ml aliquots of distilled water. To remove unlysed 

organisms, cells were centrifuged at 10,000 rpm for 20 min. Supernatants were again 

centrifuged at 20,000 rpm for 1 hour. The crude preparation of mycoplasma membrane 

was resuspended in 5 ml of sterile PBS (Hyclone, Logan, UT). The absence of viable 

organisms was verified by culture, and the M pulmonis antigen was stored at -80° C. All 

centrifugations were done at 20° C. 5 J.1g/ml of M pulmonis membrane antigen was used 

for immunization as indicated in results. 

Preparation of M. pulmonis antigen for immunoassays. A whole cell lysate of 

M pulmonis was prepared [22] and used for immunoassays. Briefly, 5 mglml was added 

to 20 ml of pre-warmed (3~ C) lysing buffer (5.3 g Na2C03, 4.2g NaHC03 in 1 liter 

distilled water, pH 10) and incubated at 37° C for 15 min. Following incubation, 22 g of 

boric acid was added to the lysed cells, and the antigen prep was stored at -80° C until 

used for immunoassays. 

Detection of antigen deposition by lueiferase activity. Mice were intranasally 

inoculated with 5 f.1g of luciferase enzyme (Promega, Madison, WI) resuspended in either 

10 or 24 1-11 of PBS. Five minutes after inoculation, whole lungs, nasal passages, tracheas 

and esophagus were collected. Tissues were placed in 1 ml reporter lysis buffer 
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(Promega) for esophagus and tracheas, and 3 ml reporter lysis buffer for lungs and nasal 

passages. Tissues were homogenized using a Pro 200 homogenizer (Pro Scientific Inc., 

Monroe, CT) and 20 J.ll of the sample was added to 100 J.ll of luciferase assay substrate 

(Promega). Luciferase activity in a sample was determined by the amount of 

luminescence (TD-20e luminometer, Turner, Sunnyvale, CA). 

Cell isolation. Mononuclear cells were isolated from lungs similar to that 

previously described [97;98]. Lungs were perfused with PBS without magnesium or 

calcium to minimize contamination of the final lung cell population with blood cells. The 

lungs were separated into individual lobes and finely minced. The tissues were suspended 

in media containing 300 units/ml of Clostridium histolyticum Type I collagenase 

(Worthington Biochemical Corporation, Freehold, NJ) and 50 units/ml DNAse (SIGMA 

Chemical Co., St. Louis, MO). The tissues were incubated at 370C while mixing on a 

Nutator (Fisher Scientific, Pittsburgh, PA) for 90 to 120 min. During the incubation 

period, the tissue was vigorously pipetted every 20 min. After incubation, the digestion 

mixture was passed through a 250-J.lm nylon mesh to remove undigested tissue. 

Mononuclear cells were purified from this cell suspension by density gradient 

centrifugation using Lympholyte M (Accurate Chemicals, Westbury, NY). 

Cells from nasal passages were isolated as previously described [97]. Briefly, the 

lower mandibles and skin were removed from the skull. The skull was longitudinally 

split, and the nasal passages were removed by scraping and transferred to 

collagenaseiDNAse digestion medium as used for isolation of lung cells. After about 1 

hour incubation at 3T'C while mixing on a Nutator (Fisher Scientific), the tissue was 
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passed through a 250 Jlm nylon mesh, and the red cells removed using ACK lysis buffer 

(25). Spleen cells were isolated by centrifugation of cell suspensions and red cell removal 

using ACK lysis buffer. 

Measurement of antigen-specific antibody forming cells (AFC). The numbers 

of M pulmonis-specific AFC were determined using the ELISPOT assay. Briefly, plates 

were coated with 50 Jlg/ml of M pu/monis cell lysate. After overnight incubation at 4°C, 

the plates were washed 3 times with sterile PBS. To minimize nonspecific binding, 100 

J.1l of cell culture medium (RPMI -1640, 10 ml HEPES, L-glutamine, 5% FCS) were 

added to each well, followed by at least 1 hour incubation at 37°C. Two-fold dilutions of 

cells (1 00 J.11lwell) were added in duplicate to the plates and incubated for overnight at 

37°C in a humidified 5% C02 incubator. The plates were washed with PBS and incubated 

for 10 minutes in PBS with 0.5% H2~ to remove endogenous peroxidase activity. 

Subsequently, the plates were washed with PBS/0.5% Tween 20. 

Biotinylated goat anti-mouse IgM, lgG or IgA antibodies (Southern 

Biotechnology Associates) were used to reveal the antibody reactions. Biotinylated 

antibodies specific for mouse immunoglobulin classes were placed into the appropriate 

wells at 1:2,000 dilution in PBS/1 0% goat serum. After overnight incubation at 4°C, the 

wells that contained the monoclonal antibodies were reacted with 1 :2,000 dilution of 

HRP-Neutralite avidin (Southern Biotechnology Associates) for 2 hours at room 

temperature. The plates were then washed with PBS, and substrate added to each well. 

The HRP substrate was 25-mg/97 ml of 3-amino-9-ethyl carbazole (AEC, Sigma 

Chemical, Co.) in 0.05 M sodium acetate buffer, pH 5.0, plus 0.04% H202; AEC was 
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dissolved in 2 m1 of N,N--dimethyl formamide. After the substrate reaction, the plates 

were thoroughly washed with tap water. The spots representing AFC were counted using 

a stereomicroscope illuminated indirectly with a high intensity lamp. The AFC were 

expressed as the absolute number of AFC in each tissue or AFC/1 06 cells. 

Mycoplasma-specific antibody ELISA. Falcon Microtest III assay plates 

(Becton Dickinson, Oxnard, CA) were coated with optimal concentrations of M 

pulmonis whole cell lysate (IOJ,lg/ml) in PBS. After overnight incubation at 4DC, the 

plates were washed 3 times with PBS/0.05% Tween 20, and blocked with PBS 

supplemented with 1 00/o fetal calf serum (Hyclone,) at 4°C, overnight. Serum samples 

were serially diluted with PBS supplemented with 10% fetal calf serum, and 100 f.ll were 

placed in duplicate into wells of the antigen-coated plates. After 2 hours incubation at 

Jrc, the plates were washed 4 times with PBS/0.05% Tween 20. Secondary antibodies 

(biotinylated anti-mouse stock reagents of 0.5 mg/ml, Southern Biotechnology 

Associates, Inc., Birmingham, AL) were diluted 1 :2,000 in PBS/0.05% Tween 20/10% 

goat serum, and 100 J,ll were added to the appropriate wells. After overnight incubation at 

4°C, the plates were again washed 4 times with PBS/0.05% Tween 20, and a 1 :2,000 

dilution in PBS/0.05% Tween 20/100/o goat serum of horseradish peroxidase (HRP)

conjugated strepavidin (Neutralite avidin, Southern Biotechnology Associates) was added 

to the wells (1 00 J.d). The plates were incubated at room temperature for 1 hom, and the 

plates were washed four times with PBS. The reactions were developed at room 

temperature using (3,3')5,5'-tetramethylbenzidine (TMB, Moss, Inc., Pasadena, MD) as 

the substrate, and the O.D. of the color reaction was read at 630 nm. Endpoint Ab titers 
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were expressed as the reciprocal dilution of the last dilution that gave an optical density 

(O.D.) at 630 nm of ~ 0.1 unit above the O.D. of negative controls after 20-min 

incubation. 

To detect antigen-specific lgA Abs in nasal washes, samples were diluted 1:2 in 

PBS containing 10% ·fetal calf serum and added to the appropriate wells of antigen

coated plates. The reactions were developed using (3,3')5,5'-tetramethylbenzidine (TMB, 

Moss, Inc., Pasadena, MD) as the substrate, and color reaction was read at 630 nm. 

Endpoint Ab titers were expressed as the reciprocal dilution of the last dilution that gave 

an optical density (O.D.) at 630 nm of~ 0.1 unit above the O.D. of negative controls after 

20-min incubation. 

Mycoplasma numbers. Following infection, lungs and nasal passages were 

quantitatively cultured as previously described [19;86]. Briefly, lungs were minced and 

both lungs and nasal passages were placed in mycoplasma broth media The samples 

were sonicated for 2 minutes and 1 : 1 0 serial dilutions were prepared. 20 J.d of each 

dilution was plated onto mycoplasma plate media After 7 days of incubation at 37°C, 

colonies were counted. 

Statistical Analysis. Data were analyzed by analysis of variance followed by 

Fisher protected least significant difference muhigroup comparison or. Analyses were 

performed using StatView (SAS Institute Inc., Cary, NC) computer programs. When 

appropriate, data was logarithmically transformed prior to statistical analysis, and 

confirmed by a demonstrated increase in the power of the test after transformation of the 

data. A p value of s 0.05 was considered statistically significant. If data was analyzed 
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after logarithmic transfonnation, the antilog of the means and standard errors of the 

transformed data was used to present the data and are referred to as the geometric means 

(xl+ standard errors). 

Results 

Seledive immunization of the upper respiratory tract. Previous studies in our 

lab demonstrate 24 J!l intranasal immunization deposits antigen mainly in the lower 

respiratory tract [39]. To determine if low volume inoculation (10 J,ll) selectively 

deposits antigen in the upper respiratory tract, we measured the distribution of antigen 

following both 10 and 24 f.1} intranasal inoculations of luciferase enzyme. anesthetized 

mice were intranasally inoculated with luciferase enzyme, and nasal passages, lungs, 

trachea and esophagus of each mouse were removed 5 minutes later. Luciferase enzyme 

activity was measured in each of these tissues to determine the tissue distribution of its 

deposition (Table 1). Consistent with our previous study [39], the majority of antigen 

deposits in the lungs of mice given 24 J!l inoculations (78 %). However, mice given 10 

f.ll inoculations retained most of the antigen in the nasal passages (90 %). Thus, antigen 

is selectively deposited in selective upper respiratory tract when given in a 10 J.Ll volume 

with only 9 % of luciferase deposition in the lower respiratory tract (lungs and trachea). 

Selective upper respiratory tract immunizatioa iaduces sigaificaat IgA-AFC 

responses the upper respiratory tract. To characterize the site(s) of Ab production after 

intranasal immunization with either l 0 or 24 J.Ll of antigen, we determined the distribution 

specific AFC in nasal passages, lungs and spleens. On days 0 and 7, mice were given 5 

..,.. f.18 of mycoplasma antigen with or without CT intranasally. Seven days after secondary .. 
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immunization, the number of mycoplasma-specific tissue antibody production was 

measured in each of the tissues. Mice given antigen alone did not produce significant 

numbers of AFCs compared to control mice, therefore, the inclusion of CT was necessary 

to induce significant amounts oflgA-AFCs after intranasal immunization. Mice given I 0 

J.ll immunizations plus CT resulted in little lgA production in the lung and spleen, 

whereas 24 J.1l immunizations plus CT induced IgA-AFC in the lung, spleen and nasal 

passages (Fig. 1). However, lgA responses were highest in nasal passages of mice given 

10 J.1l of antigen plus CT compared to those receiving 24 J.ll of antigen plus CT. Neither 

dose resuhed in significant levels of IgG or IgM in any tissue. As well~ there were no 

significant differences in the number of mycoplasma specific-AFCs in spleens for any 

isotype (data not shown) 

To further evaluate IgA production in the upper respiratory tract after 10 and 24 

J.ll immunizations, nasal wash samples were collected at 14 days following primary 

immunization. Consistent with IgA-AFC in the nasal passages, 10 J.ll immunizations with 

antigen plus CT produced significantly higher levels of antigen-specific IgA (p S 0.05) 

compared to 24 J.ll immunizations with antigen plus CT and mice given mycoplasma 

antigen alone (Fig. 2). Thus, selective antigen deposition resulted in the generation of 

immunity within the upper respiratory tract. 

Antigen-specific antibody responses in serum after intranasal immunization 

with mycoplasma antigen plus CT. To determine if selective URT immunization 

results in antigen-specific systemic Ab responses, on days 0 and 7 mice were given 5 J.lg 

-.. .. of mycoplasma antigen plus 0.1 J.lg CT intranasally. Fourteen days after primary 
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immunization, mycoplasma-specific serum antibody production was measured by 

ELISA. Mice given 10 and 24 J.ll with antigen plus CT immunizations produced 

significantly higher levels of antigen-specific lgA (p S 0.05) in serum compared to mice 

given 10 and 24 J.ll immunizations with antigen alone (Fig.3). Both doses resulted in 

significant serum IgM production when CT was included (p S 0.05); however, mice 

given 24 J.ll of antigen plus CT resulted in significantly higher levels of antigen-specific 

serum IgM (p S 0.05) compared to all other groups (Fig. 3). 

Intranasal immunization reduces mycoplasma CFUs in both the upper and 

lower respiratory tracts. To determine if selective upper respiratory tract immunization 

reduces mycoplasma colonization along the respiratory tract, mice were immunized and 

infected as previously described. Seven days after secondary immunization, mice were 

infected with M pulmonis. Fourteen days post-infection, nasal passages and lungs were 

collected, and the number of mycoplasma CFUs recovered from these tissues was 

determined. 

Intranasal immunization with mycoplasma antigen plus CT reduces mycoplasma 

CFU s in nasal passages. Mice given selective upper respiratory or total lung 

immunizations with mycoplasma antigen plus CT had decreased mycoplasma CFUs in 

nasal passages compared to unimmunized infected controls (p S 0.05); however, there 

was no protective difference between mice given 10 or 24 J.d of antigen plus CT. Mice 

given mycoplasma antigen alone did not have reduced numbers of mycoplasma when 

compared to infected control mice (Fig. 4a). 
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Intranasal immunization with mycoplasma antigen alone or in combination with 

CT reduces mycoplasma CFUs in the lung. Mice were immunized and infected as 

previously described. In contrast to nasal passages, both upper respiratory and total lung 

immunizations had decreased numbers (p s 0.05) of viable mycoplasma in lungs 

compared to infected control mice (Fig.4b), regardless of the inclusion ofCT, suggesting 

a different role for CT as an adjuvant in the upper and lower respiratory tracts. 

Discussion 

Previously, we [39] and others [97] [59] have shown there is a difference between 

the immunity generated in the upper and lower respiratory tracts in the contribution of 

lymphoid responses initiated outside the respiratory tract to these responses. For 

example, adoptive transfer of lymphocytes does not prevent upper respiratory tract 

infection and disease, but protects the lung from infection [97]. In addition, intravenously 

given Ab does not protect from upper respiratory tract infections, but prevents 

pnewnoniae [59], suggesting a role for circulating antibodies in the lower respiratory 

tract. Intranasal immunization was shown to be more effective than parenteral 

immunization at inducing antigen-specific antibody responses in the respiratory tract 

[74;103]. Studies in our lab demonstrate intranasal immunization primes antigen-specific 

immune responses in the nasal passages and lung while intraperitoneal immunization 

only enhances generation of antigen-specific antibody responses in the lung [39]. This 

suggests there are also differences between the immune responses generated during 

immunization in the upper and lower respiratory tracts. Furthermore, the inclusion of 

adjuvants can alter the type of immune response generated during immunization. For 
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example, when cholera toxin (en is intranasally co-administered with an antige~ there 

is a significant enhancement of both mucosal and systemic immune responses. 

Specifically, CT induces a predominate Th2 response [60]. There may be an advantage 

to generating humoral responses dwing immunization in one or both of the respiratory 

compartments. The purpose of these studies was to localize immunization to the upper 

respiratory tract during immunization, and evaluate the differences between immune 

responses generated and protection from disease in the upper and lower respiratory tracts. 

Immune responses generated after intranasal immunization corresponds with the 

site of antigen deposition. Previous work in our lab demonstrates larger volume (24 J.tl) 

intranasal immunizations deposit antigen mainly in the lungs [39]. To determine if 

immunization could be targeted selectively to the upper respiratory tract, we reduced the 

volume used for intranasal immunization and found 10 J.1l to deposit antigen primarily in 

the nasal passages. In addition, the number of antigen-specific IgA-AFC was highest in 

the nasal passages of mice given 10 J.tl intranasal immunizations with antigen plus CT. 

As well, intranasal immunization with 10 J.tl antigen plus CT produced the greatest 

amount of antigen-specific IgA in nasal washes. In contrast to 24 J.tl immunizations, 10 

J.tl of antigen plus CT resuhed in reduced antigen-specific lgA AFCs in lungs. Consistent 

with our previous studies [39], the inclusion of CT greatly enhanced respiratory lgA 

responses as intranasal immunizations with antigen alone did not produce significant 

amounts of IgA in any respiratory tissue. These studies support the ability of antigen to 

enhance immune responses locally when deposited in separate compartments of the 

respiratory tract. As well, we established preferential or selective immunization of the 
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upper respiratory tract is accomplished by using 10 J.1l inoculation of antigen, whereas 

immunization with a larger volume of antigen (24 J.1l) resuhs in immune responses in 

both the upper and lower respiratory tracts. This allows initial comparisons of the 

relative roles of upper and lower respiratory tract immunity in protecting against infection 

with mycoplasma and other respiratory pathogens. 

The inclusion of CT during intranasal immunization significantly reduced the 

numbers of viable mycoplasma in the nasal passages compared infected control mice. In 

contrast, mice immunized with antigen alone did not have reduced numbers of 

mycoplasma compared to infected control mice. In addition, there was no significant 

difference between the effectiveness of mice given selective upper respiratory or total 

lung immunization with antigen plus CT at clearance of mycoplasma in the nasal 

passages. This indicates that selectively targeting the upper respiratory tract during 

immunization resulted in equivocal protection of the upper respiratory tract compared to 

mice given total lung immunization. Furthermore, mucosal lgA responses were 

significantly greater in mice given selective upper respiratory tract immunizations plus 

CT; however there was no significant difference in protection between these groups, 

suggesting IgA responses alone may not be protective in the upper respiratory tract. 

Consistent with chapter three, this data suggest that lgA alone is insufficient for 

controlling mycoplasma infection in the upper respiratory tract. However, further studies 

are needed to examine the role lgA and IL-4-mediated inununity in protection from 

infection. Therefore, enhanced protection in the upper respiratory tract may be a result of 

enhanced Th2 responses. 
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In contrast to nasal passages, both selective upper respiratory and total lung 

immunizations resulted in decreased numbers of viable mycoplasma in lungs compared 

to infected control mice. This indicates intranasal immunization is an effective approach 

to provide protection in the lower respiratory tract. Although CT was necessary to induce 

significant levels of serum and lung antibodies, the inclusion of CT did not enhance 

protection in the lung. As well, it appears that the inclusion of CT is not as effective as 

immunization with antigen alone. This data suggests antibody responses alone are not 

playing a significant role in protection in the lung. Alternatively, cell-mediated immune 

responses may be induced by immunization with antigen alone, contributing to 

protection. Thus, selective immunization provides some protection from mycoplasma 

infection in the lung; however, total lung immunization with antigen alone appears to be 

most effective. 

Previous work has shown antibody to be ineffective at inducing protection in the 

lower respiratory tract during mycoplasmosis [1 ;4]. In filet, studies suggest that 

pulmonary clearance of mycoplasma is related to innate immunity [7;36;56;75]. These 

responses are mainly macrophage and natural killer cell mediated. This suggests that 

antibody responses alone are not able to provide protection during mycoplasma infection. 

Importantly, recent studies (Lisa Hodge, manuscript in preparation) demonstrate IFN-y 

responses, not IL-4, play a major role in controlling mycoplasma infection in the lung. 

This is consistent with the idea that IFN-y mediated cellular immunity, such as 

macrophage activation, is critical in protection from lung disease. 
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These studies show there are differences between the antibody responses 

generated during inununization of the upper and lower respiratory tracts, as well as 

differences between protection in the upper and lower respiratory tracts during infection 

with mycoplasma. Selective immunization of the upper respiratory tract can resuh in 

increased levels of lgA in nasal passages. However, during infection, there was no 

difference between selective upper respiratory and total lung immunization at providing 

protection in the nasal passages. Instead, this inclusion of CT enhanced protection in 

both immunization groups. In contrast, both upper respiratory and total lung 

immunizations had significant protection in the lung, regardless of CT, showing a 

difference between the role of CT as and adjuvant in the upper and lower respiratory 

tracts. Thus, future studies need to examine the role of humoral and cell mediated 

responses in both the upper and lower respiratory tracts during respiratory infection. This 

data will be important in the future development of respiratory vaccines. 
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Table 1. Deposition of Antigen Following Intranasal inoculation. 

Tissue 

Nasal Passage 

Lung 

Esophagus 

10 I intranasal 

90 ± 0.59 

5 ± 0.68 

I± 0.13 

24 I intranasal 

17 ± 2.8 

78 ± 1.2 

2 ± 0.14 

Trachea 4 ± 0.86 3 ± 0.38 
Anesthetized mice were intranasally inoculated with either 10 or 24 J.Ll 
of luciferase enzyme. Five minutes after inoculation, tissues were 
collected and percentage of luminescence was determined. 
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Figure 1. Selective upper respiratory tract immunization increases antigen-specific 

lgA production in tbe upper but not lower respiratory tract. All immunizations were 

with Mycoplasma pu/monis antigen plus 0.1 Jlg cholera toxin. Inununization with 

mycoplasma antigen alone did not resuh in significant levels of antigen-specific AFC in 

nasal passages or lungs. Nasal passages and lungs were collected 14 days after primary 

immunization. The data is collected from two experiments (n=6), and expressed as the 

means +/- standard deviation. A single asterisk "•" denotes statistical differences (p ~ 

0.05) from all other immunization groups. 
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Figure 2. Selective upper respiratory tract immunization increases antigen-specific 

lgA production in nasal washes. All immunizations were with Mycoplasma pulmonis 

antigen plus 0.1 J.Lg cholera toxin. Nasal washes were collected 14 days after primary 

immunization. The data is collected from two experiments (n=6), and expressed as the 

means +/- standard deviation. A single asterisk "*" denotes statistical differences (p S 

0.05) from all other immunization groups. 
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Figure 3. Aatigen-specifte serum antibody responses after intranasal immuaization 

with either 10 or 24 J.LI. All immunizations were with Mycoplasma pulmonis membrane 

antigen plus 0.1 J.18 cholera toxin. Sera were collected 14 days after primary 

immunization. The data is collected from two experiments (n=6), and expressed as the 

means +/- standard deviation A single asterisk "*" denotes statistical differences (p S 

0.05) from control mice. 
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Figure 4. Intranasal immunization with CT as an adjuvant is necessary to reduce 

mycoplasma colony forming units in nasal passages but not in lungs. All 

immunizations were with Mycoplasma pulmonis membrane antigen plus 0.1 ~g cholera 

toxin. Fourteen days after primary immunization mice were infected with 20 ~1 M 

pulmonis. The number of mycoplasma CFUs in (a) nasal passages and (b) lungs was 

determined. The data is collected from two experiments (n=6), and expressed as the 

means+/- standard deviation. A single asterisk "*" denotes statistical differences (p S 

0.05) from all other immunization groups. 
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CHAPTERV 

DISCUSSION 

The purpose of these studies was to evaluate the role of upper and lower 

respiratory tract immune responses after immunization against respiratory disease 

antigens, and to characterize which immune responses contribute to protection in the 

respiratory tract after infection. We found fundamental differences between immune 

responses generated after immunization and infection in the upper and lower respiratory 

tracts. 

Initially, we found antibody responses within the lungs are derived from both 

local and systemic immune systems. This was demonstrated when intranasal 

immunimtion readily induced antibody responses in the lung, while parenteral 

immunization induced secondary antibody responses in lungs only after intranasal 

challenge, demonstrating the ability of extrapulmonary cells to contribute to lung 

immunity. However, previous work has shown antibody to be ineffective at inducing 

protection in the lower respiratory tract during mycoplasmosis [1 ;4]. This was further 

demonstrated in our studies, when the inclusion of CT did not enhance protection in the 

lung despite induction of significant serum and lung antibodies. Furthermore, there was 

no significant cliflerence in antigen-specific serum and lung antibody production in 

·-.~ cytokine deficient mice after mycoplasma infection, despite differences in protection, 
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suggesting antibody alone does not play a significant role in controlling mycoplasma 

infection of the lower respiratory tract. Therefore, immunization can enhance antigen

specific pulmonary antibody responses; however, these antibodies may play a limited role 

during control of established mycoplasma respiratory infection. 

Studies suggest puhnonary clearance of mycoplasma is related to innate immunity 

[7;36;53;56] rather than antibody. In addition, pneumonia due to mycoplasma is not 

increased in patients with T cell deficiencies [26] or in T cell deficient mice [23], 

suggesting T cell independent mechanisms are important for protection in the lung. It is 

likely these responses are natural killer (NK) cell and alveolar macrophage-mediated. 

Studies by Lai and Bennett et al. show infection of C57BL/6 mice with M pulmonis 

enhances NK cell function and in vitro killing of mycoplasma by isolated spleen and lung 

cells [53]. However, in vivo treatment with anti-NK antibody eliminates these responses, 

indicating a role for natural killer cells during mycoplasma infection. As well, treatment 

with anti-IFN-y antibodies impaired clearance of mycoplasma from the lungs of SCID 

mice and decreased their survival. We also found IFN-y is necessary for clearance of 

mycoplasma infection in the lower respiratory tract, further indicating a role for cell

mediated immunity in resistance to pulmonary mycoplasmosis. Thus, cell-mediated 

responses, specifically IFN-y, appear to play a protective role during established 

mycoplasma infection. 

IFN-y is a key cytokine for activation of alveolar macrophages, which are crucial 

for protection against pulmonary mycoplasmosis [37]. Sources of IFN-y are Thl cells, 

cytotoxic T cells, and natural killer cells. Time course studies would further clarify the 
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source ofiFN-y production during mycoplasma infection. NK cells are involved in innate 

immunity; therefore, if NK cells are the primary source of IFN-y, levels would be 

increased during acute infection. In contrast, Thl cells and cytotoxic T cells (CTL) are 

involved in adaptive immunity; therefore, if these cells are a major source of IFN

'Y, levels would be increased during chronic infection. In addition, preliminary data in our 

lab suggests both Thl and CTLs are major sources of pulmonary IFN-y during 

mycoplasma infection. However, depletion of CTLs, not T helper cells, results in 

increased mycoplasma numbers in the lungs. Further studies examining the effects of 

CTL depletion on alveolar macrophage activation would clarify the specific role of cell

mediated responses in the lower respiratory tract during mycoplasma respiratory 

infection. 

In addition, we found pulmonary infection is reduced during intranasal 

immunization. Both selective upper and total respiratory immunizations in combination 

or without CT resulted in decreased numbers of viable mycoplasma in lungs, indicating 

intranasal immunization is an effective approach to provide protection in the lower 

respiratory tract; however, mycoplasma numberS were lowest in lungs of mice 

immunized with mycoplasma antigen alone. Furthermore, studies in our lab show Th2 

responses are induced in the lung during intranasal immunization with antigen alone [45]. 

Therefore, the generation of Th2 responses may be important during immunization to 

provide protection after infection. However, despite the promise of intranasal 

immunization, histopathologic data shows a cellular infiltration into the lung after 

intranasal but not intraperitoneal immunization when CT is used as an adjuvant. Work in 
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our lab demonstrate both Th 1 and Th2 responses are enhanced in the lung after intranasal 

immunization with influenza antigen plus CT [45], which may contribute to 

immunopathology in the lung. In addition, studies indicate Thl cells may enhance 

pulmonary inflammation during mycoplasmosis [37]; however, our studies and others 

[53] indicate IFN-y is crucial for clearance of pulmonary mycoplasmosis in unimmunized 

mice, suggesting cell-mediated responses are important during established mycoplasma 

infection. Therefore, immunization strategies that enhance IFN-y-mediated immune 

responses, without inducing pulmonary inflammation may be beneficial. This might be 

accomplished using DNA immunization, which has been shown to induce CTL-mediated 

responses to vaccine antigens [63;81]. In addition, we have demonstrated 

extrapulmonary lymphoid responses can contribute to lung immunity following intranasal 

challenge. Therefore, parenteral immunization with a DNA vaccine encoding 

mycoplasma antigen might provide pulmonary immunity upon infection, without 

inducing inflammatory reactions during immunization. However, future work needs to 

determine the protective roles of both Thl and Th2 mediated responses during acute and 

established pulmonary mycoplasmosis to develop the appropriate respiratory vaccine. 

In contrast to lungs, we found that intraperitoneal immunization did not enhance 

the generation of antibody responses within nasal passages after secondary intranasal 

immunization, suggesting that lymphocytes do not readily circulate from systemic 

lymphoid tissues into nasal passages in the absence of disease. However, intranasal 

immunization readily stimulates IgA production in the upper respiratory tract, indicating . 

a role for local immunity during immunization. Interestingly, mucosal IgA responses 
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were significantly greater in mice given selective upper respiratory tract immunizations 

plus CT, but there was no significant difference in protection. Furthermore, IL-4"'- mice 

had increased numbers of mycoplasma in nasal passages, despite enhanced levels of 

antigen-specific nasal lg~ suggesting lgA responses alone are not effective at clearing 

mycoplasma infection in the upper respiratory tract. Thus, protective immunity against 

mycoplasma in the upper respiratory tract appears to be a result of local Th2 responses, 

but not lgA alone. 

Furthermore, the nasal passages are shown to be a Th2 dominant site [48]. IL-4 is 

one of the cytokines synthesized upon mast cell activation, and amplifies Th2 cell 

responses [17]. During infection, mRNA expression for IL-4 was greater than IFN-y in 

the nasal passages, suggesting Th2 responses predominate in the upper respiratory tract 

during mycoplasma respiratory infection. Moreover, IL-4 was necessary for control of 

mycoplasma infection in the nasal passages, indicating the importance of IL-4 in the 

upper respiratory tract during respiratory mycoplasmosis. In addition, CT is known to 

preferentially enhance IL-4 and Th2 responses when given mucosally [ 48]. In our 

studies, mice given CT as an adjuvant during intranasal immunization had more efficient 

mycoplasma killing in the nasal passages, further demonstrating the significance of IL-4 

and Th2 responses in the upper respiratory tract. In addition, if CT is mediating 

protection through enhancement of IL-4, future studies immunizing IL-4"'- mice with CT 

should not enhance protection. Thus, mycoplasma protection in the upper respiratory 

tract appears to be a result Th2 responses, particularly IL-4 mediated immunity. 
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One protective role for IL-4 in the nasal passages may be through suppression of 

pro-inflammatory cytokines such as IL-6 and/or TNF-a. A previous study by Faulkner 

and Simecka et al. demonstrates susceptible C3H!HeN mice infected with mycoplasma 

have increased IL-6 and TNF-a in serum and lungs compared to resistant C51BU6 mice 

[25], suggesting IL-6 and TNF-a are important in pathogenesis. As well, IL-4 has been 

shown to suppress IL-6 and TNF-a activity in human monocytes [12;25]. Therefore, the 

decrease in mycoplasma resistance observed in IL-4"'· mice during our studies may have 

been a result of increased pro-inflanunatory cytokine expression, exacerbating infection. 

Future studies measuring pro-inflammatory cytokine production in the nasal passages of 

mycoplasma infected IL-4..,_ mice and IL-4+/+ infected mice would illustrate whether or 

not IL-4 is suppressing inflammatory cytokines during mycoplasma infection. In 

addition, if IL-6 or TNF-a is exacerbating mycoplasmosis in the upper respiratory tract, 

infection of mice deficient in these cytokines should result in fewer mycoplasma numbers 

in the nasal passages. Therefore, Th2 responses, such as IL-4, IL-l 0 or IL-13, may be 

reducing nasal passage pathogenesis through the reduction of pro-inflammatory 

cytokines. 

Another protective role for IL-4 in the nasal passages may be through the 

enhancement of IgE production. IL-4 is an important cytokine for initiating IgE 

responses [17;109], and we have shown intranasal immunization results in IgE 

production; therefore, it is likely IgE responses are induced during intranasal infection. 

As welL we have demonstrated that CT enhances IgE production in a dose dependent 

manner when administered intranasally, and was necessary during intranasal 
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immunizations to enhance clearance of mycoplasma in the nasal passages. Therefore, lgE 

may play a protective role during mycoplasma infection. If IgE is mediating protection, 

nasal IgE should be increased in mice immunized with antigen plus CT and decreased in 

IL-4-1- mice during infection. In addition, if IgE is critical in the upper respiratory tract 

dming mycoplasma infection, studies using lgE-1- mice would show increased 

mycoplasma numbers in nasal passages during infection. In this case, vaccines designed 

to enhance mycoplasma-specific IgE production in the upper respiratory tract would be 

most effective. For example, the use of IL-4 as an adjuvant during intranasal 

immunization may provide complete protection of the upper respiratory tract. Therefore, 

immunization strategies inducing IL-4 responses, specifically lgE, in the nasal passages 

may provide upper respiratory tract protection and prevent dissemination of pathogens 

into the lower respiratory tract. 

Collectively, this data demonstrates different roles for humoral and cell mediated 

immunity between the upper and lower respiratory tracts after mycoplasma respiratory 

infection. Following infection, Th2 responses play a significant role in the upper 

respiratory tract as demonstrated by enhanced nasal . IL-4 expression. In addition, IL-4-

mediated responses are crucial during clearance of mycoplasma infection in the upper 

respiratory tract. Furthermore, there is no difference in mycoplasma numbers between 

infected control and IFN-y-1· mice, indicating cell-mediated responses may not be 

important during upper respiratory tract infection. In contrast, Thl responses are 

important during mycoplasma infection in the lower respiratory tract. After infection, 

mRNAs for both IL-4 and IFN-y are enhanced; however, IFN-y is necessary for 
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pulmonary clearance of mycoplasma. As wet~ there is no difference in mycoplasma 

numbers between infected control and IL-4"'- mice, suggesting Th2 responses may not be 

important during suppression of pulmonary infection. Furthermore, antibody responses 

do not correlate with clearance of infection in the lower respiratory tract, suggesting 

antibody responses play a limited role following pulmonary mycoplasma infection. 

Therefore, Th2 immune responses are crucial in the upper respiratory tract, while Thl 

immunity is important in the lower respiratory tract after mycoplasma infection. 

Furthermore, intranasal immunization appears to be the optimal approach to 

generating immune responses against respiratory pathogens. Enhancing Th2-mediated 

immunity during immunization, specifically IL-4 responses, may provide adequate 

protection of the upper respiratory tract against mycoplasma infection. In addition, 

clearance of microorganisms in the upper respiratory tract may prevent subsequent lower 

respiratory tract dissemination, eliminating the need to vaccinate the lower respiratory 

tract. However, in certain circumstances, such as elderly and immunodeficient patients, 

there may be a need to provide lower respiratory tract protection. In this case, 

stimulating cell-mediated immunity during immunization may be beneficial. One 

approach is to intranasally immunize the upper respiratory tract with a Th2 enhancing 

vaccine and systemically immunize with a Thl enhancing vaccine. This would provide 

separate immunizations for both compartments of the respiratory tract. Therefore, 

different immunization approaches may be needed to protect the upper and lower 

respiratory tract against mycoplasma infection. 
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In conclusion, the present studies demonstrate there are fundamental differences 

between the upper and lower respiratory tract. This was evident during immunization 

and infection. Additionally, this data has provided useful information about the immune 

responses generated in the upper respiratory tract during infection with mycoplasma. 

Understanding the mechanisms of immunity and inflammation operating in both the 

lower and upper respiratory tracts is critical during the development of respiratory 

vaccines. Based on these studies, future work can determine if these immune responses 

can be beneficially altered by treatment with recombinant cytokines or other modulators 

that down regulate pulmonary inflammation, while retaining protective immune 

responses. 
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