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The purpose of these studies was to evaluate the contribution ofNK cells and the 

polarizing cytokines, IFN-y and IL-4, in the generation of protective adaptive immunity 

against mycoplasma infection. Presence ofNK cells during the generation of adaptive 

immunity resulted in detrimental immune responses. However, upon depletion ofNK 

cells, prior to nasal-pulmonary immunizations, mice demonstrated better clearance of 

mycoplasma from the respiratory tracts. That the NK cells hindered with the beneficial 

development of adaptive immune responses via lymphoid cells was demonstrated, since 

no protection was demonstrated in SCID mice. Furthermore, purified pulmoqary T and B 

lymphocytes primed in a NK cell depleted environment as opposed to one's primed in a 

versus non-depleted environment could transfer protection to nai've mice. Interestingly, 

this is the first time that a favorable role of functional CD4+ T cells in mediating 

protection in mycoplasma respiratory disease was demonstrated. The presence ofNK 

cells at the time of nasal-pulmonary immunization also modulated mycoplasma-specific 

IFN-y and IL-4 responses in lungs and lower respiratory nodes. 

In evaluating the roles of IFN-y and IL-4, it was demonstrated that the absence of 

a single cytokine alters a vast amiy of chemokines and cytokines produced in response to 
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mycoplasma infection. Corresponding to the higher numbers of mycoplasma and severity 

in disease due to the loss ofiFN-y, altered cytokine and chemokine responses in the lungs 

to mycoplasma infection were demonstrated. Nasal-pulmonary immunization ofiFN-{

mice exacerbated, rather than reduced, mycoplasma disease and infection, whereas 

immunization of IL-4_,_ mice significantly enhanced protection along the respiratory tract, 

particularly in the lungs. Prominent Th-2 type immune responses in the lungs of IFN-y"1
-

mice corresponded to the severe immunopathologic reactions developed after 

mycoplasma infection and immunization. These studies demonstrated diverse but crucial 

functions for NK cells, IFN-y and IL-4; vital towards the development of protective 

adaptive immune responses against mycoplasma respiratory infection that will have a 

significant impact on future studies on respiratory immunology. 
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CHAPTER I 

INTRODUCTION TO THE STUDY 

"Life is matter gone wild, choosing it own direction in order to forestall indefinitely the 

inevitable moment ofthennodynamic equilibrium-death. Life is manifest on Earth as five 

kingdoms, each revealing from a different angle this mystery of mysteries". 

Lynn Margulis and Dorion Sagan (What is Life?) 

Mycoplasmas are the minutest free-living organisms categorized in a 

distinguished class of bacteria [I]. Mycoplasmas are widespread in nature as parasites of 

humans, mammals, reptiles, fish, arthropods, and plants [l].The lack of cell walls is in 

fact taxonomically used to separate mycoplasmas from other bacteria in a class'named 

Mo/Jicutes (mol/is, soft; cutis, skin, in Latin) [1]. Mycoplasmas, in general, are mainly 

mucosal pathogens of the respiratory and urogenital tracts, the eyes, alimentary canal, 

mammary glands, and joints [2]. Intimate association and eventual colonization of the 

mycoplasma with the mucosal epithelium of the respiratory tract are vital for the survival 

of the organism [3, 4]. The interactions result in the damage of the epithelial cells leading 

to a series of events that result in the recruitment of inflammatory cells and generation of 

an immune response [5]. Mycoplasmas exhibit a very strict host and tissue specificity, 



reflecting their nutritionally exacting nature and obligate parasitic mode of life [ 1]. 

However, there are incidences where they spread to non-mucosal tissues and cause 

diseases such as arthritis in a wide variety of hosts and mastitis in ruminants. 

Mycoplasma infections often remain sub-clinical and are chronic in nature. This 

characteristic ofthe infection is due to the persistence of the organism despite the 

elicitation of an immune response. Although the mechanisms through which a 

mycoplasma infection is able to persist are unknown, it is clear that the ineffective 

immune responses lead to the immunopathologic lesions observed in these infections. 

Every arm of the immune system plays a pivotal role in mycoplasma diseases, and 

the complex interactions between the host's immune system and the mycoplasma 

determine the outcome, severity and the spread of the disease. Antibiotic treatment of 

mycoplasma infections tend to clear acute symptoms; however, they fail to remove 

mycoplasma completely from the site of infection leading to long-term chronic disease 

complications [6-8]. Development of an effective vaccine appears to be a promising 

approach to control mycoplasma infections in humans and animals. Although, some 

success has been seen as regards inactivated and live attenuated vaccines in controlling 

mycoplasma in animals, but the overall success of formalin-inactivated M pneumoniae 

vaccine has been disappointing [I]. Our previous studies in a murine model of 

Mycoplasma pu/monis, demonstrate that local (nasal-pulmonary) immunization is more 

effective than systemic routes of immunization against mycoplasma infection (9]. Thus, 

efforts to develop effective and safe vaccines against mycoplasma have been partially 

successful. 
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Mycoplasma infection being immunopathologic in nature, some arm ofthe 

immune response is beneficial to the clearance ofthe pathogen whereas others are 

detrimental to the host [10-14]. The development of a successful vaccine entails studying 

various parameters of the immune responses specially the ones which influence 

mediating resistance of mycoplasma infection upon nasal-pulmonary immunization. The 

objectives of this thesis are to determine the influence of an important innate cell 

population, natural killer cells (NK cells) and the polarizing cytokines, interferon-y (IFN

y) and interleukin-4 (IL-4), in the modulation ofT helper activity upon nasal-pulmonary 

immunization. Immune responses generated in the presence or absence of these 

modulating agents can throw light on the beneficial and/or detrimental aspects of the 

adaptive immunity generated post-vaccination. These findings will also suggest a novel 

link between the natural innate and adaptive immune responses, generated in a host, after 

mycoplasma respiratory infection. The long term objective ofthese studies is to develop 

approaches to bypass the dampening effects generated by some arms of the host immune 

system and to successfully develop vaccines against mycoplasma respiratory diseases. 

The Immune System: Innate and Adaptive immunity 

The immune system is a complex, intricate and interesting network of cells, 

tissues, and organs that has evolved to defend a host against a variety of insults with 

layered defenses of increasing specificity [ 15]. Broadly, it is broken down into two major 

groups: the less specific component, innate immunity and a more specific component, 

adaptive immunity. The innate immune response provides the first line defense against 
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infection. Most components of the innate immunity are present even before the onset of 

the infection and constitute a set of disease-resistance mechanisms not specific to any 

particular pathogen. It is comprised of anatomic, physiologic, phagocytic and 

inflammatory barriers [ 15). The physiological and anatomic barriers tend to prevent the 

entry of pathogens and serve as the host's first line of defense against infection. The skin 

surface and the mucous membranes lining the conjunctivae, alimentary, respiratory and 

the urogenital tracts provide protection by providing an inhospitable environment for the 

possible invading pathogen and are referred to as the first line of defense. If a 

microorganism manages to cross the epithelial barrier, a group of cells and soluble 

molecules that are responsible for phagocytosis and inflammation, such as macrophages, 

neutrophils, NK cells and complement come into action. Most of cells of the innate 

immunity, like the granulocytes, macrophages, dendritic cells and mast cells, have the 

myeloid progenitor as the precursors [ 16). 

In contrast, the adaptive immunity is very specific, as opposed to the broad 
\ 

reactivity of the innate immunity. An adaptive response comes into play upon responding 

to a challenge with a high degree of specificity and a remarkable property of memory. 

Adaptive immunity is comprised ofT and B lymphocytes that react to antigenic 

challenges characterized by antigenic specificity, diversity, immune memory and self/non 

self recognition [ 15). The common lymphoid progenitor gives rise to T and B 

lymphocytes [16). B lymphocytes orB cells differentiate into plasma cells, when 

activated, and secrete antibodies. T lymphocytes or T cells are comprised of 2 main 

classes of immune cells. One class differentiates on activation into cytotoxic T cells (or 
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CDS+ T cells), which kill cells infected with viruses, whereas the second class ofT cells 

differentiates into cells that activate other cells such as B cells and macrophages and are 

called T helper cells (or CD4+ T cells) [16). 

The adaptive immunity and innate immunity, however, are not mutually exclusive 

of each other. They function as a cooperative and interactive system. Certain soluble 

proteins or cytokines produced by the cells of the innate immune system stimulate and 

direct adaptive immune responses. On the other hand, in addition to the cytokines 

generated by the T cells, the antibodies generated by the B cells aid phagocytic cells of 

the innate immune system [ 16). There are numerous examples of such cross-talk between 

the innate and adaptive immune systems and studies into both arms ofthe immune 

system are important to extend the knowledge obtained to the development of vaccines. 

Lung as the immune center 

The lung is an extremely complex organ designed for the process of respiration 

and for its participation in initial responses to inhaled antigens, infectious agents and 

irritants [ 17}. Lungs were not regarded as lymphoid organs, until a study in 1958 by 

Humphrey and coworkers showed that following intravenous hyperimmunization with 

particulate antigens, lung tissue was the most important tissue source of antibody, 

surpassing bone marrow, spleen, and lymph nodes [ 18). Clearly this indicates that there 

exists in the lung tissue a substantial population of immunocompetent cells, which might 

be able to launch host responses against pathogens. Several innate immune responses in 

the lung come into play during acute respiratory distress syndrome. Specialized mucosal 
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and systemic immune responses, lymphocytes and antibodies, comprising the adaptive 

immune responses in the lung, protect the lungs against a wide array of pathogens [ 17]. 

The versatility, efficiency and memory of adaptive immunity in the lungs depend on the 

interplay of several cell types and soluble factors [ 19]. Cell-mediated immunity does not 

just shape innate immune responses in the lung but are build upon by the innate responses 

as well as the humoral immunity [ 19]. The lung can generate a rapid humoral response by 

stimulation of memory B cells. But ifthe invading pathogen is new, the lung has the 

ability to mount a de novo systemic and well as local (mucosal) antibody response which 

can work in concert and help clear the prevailing pathogen and avoid further colonization 

of the respiratory tract (20]. The focus of this thesis is on the activity ofNK cells, T 

helper cells and how the integrated immune responses, defined by polarized cytokines, 

against mycoplasma modulate the pulmonary environment and bring about 

immunoprotective and/or immunopathologic reactions. 

Components of the Innate immune system: Beyond the 11
' line of d~fense 

a) Natural Killer (NK) cells 

NK cells are large, granular lymphocytes of the innate immune system that are 

involved in the early defense against foreign cells and autologous cells undergoing 

various forms of stress, such as, microbial infection or tumor transformation [21 ]. NK 

cells were identified for their ability to spontaneously lyse target cells without any prior 

sensitization and thus also acquired the name as Natural Killer cells [22]. NK cells also 

produce cytokines, such as IFN-y, Tumor necrosis factor-a. (TNF-a.) and granulocyte 
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macrophage-colony stimulating factor (GM-CSF), and chemokines, such as CC 

chemokine ligand 3 (CCL3; macrophage inflammatory protein 1-a (MIP I -a), CCL4 

(MIP 1 -f3) and CCL5 (RA NTES), when stimulated with susceptible target cells [2 1]. NK 

cells are well documented to be critical in controlling several bacterial and parasitic 

infections. The NK-derived cytokines, especially IFN-y, are mediators ofthe early 

response generated against Toxoplasma gondii [23], Listeria monocytogenes [24], 

Chlamydia trachoma/is [25] and murine cytomegalovirus [26] aiding the induction of a 

rapid healing Th 1 response to these infectious organisms. However, increasing evidence 

points out to the detrimental role ofNK cells in acute bacterial infections like 

Pseudomonas aeruginosa, Escherichia coli, Streptococcus pneumoniae and S. pyogenes 

[27-30]. During E. coli peritonitis in C57BI/6 mice [27] , NK cells have been reported to 

be responsible for high levels of inflammatory cytokines, lung pathology and mortality. 

Moreover, the depletion ofNK cells during P. aeruginosa infection resulted in reduced 

bacterial loads [28]. Depletion ofNK cells from Streptococcus pneumoniae infected 

BALB/c SCJD mice resulted in significantly lower bacteraemia and inflammatory 

cytokine production [29]. Similarly, in a Streptococcus pyogenes-mediated septic shock 

model, depletion ofNK cells led to the increased survival rates and slower development 

of streptococcal infection with an added decrease in the serum levels of the inflammatory 

cytokines like IL-6, IL-12 and IFN-y [30]. 

The role ofNK cells is not limited to the innate immunity as they can have a role 

in modulation of adaptive immunity. NK cells promote adaptive immune responses 
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through the production of type l and type 2 cytokines or chemokines thus leading to the 

differentiation ofB and T lymphocytes [31]. The early appearance ofNK cells at the site 

of immunization also implicate their critical role in the development of adaptive 

immunity [32]. In support, NK cells have a role in promoting allergen-induced airway 

inflammation in a mouse model of asthma [33]. In addition, NK cells are involved in the 

direct maturation of dendritic cells and can promote TcR-dependent proliferation of 

autologous T cells, particularly CD4+ T cells, via direct cell-cell interactions with T cells 

by OX40-0X40L interactions [31, 34]. In contrast, NK cells can limit the immune 

response through lysis of antigen presenting cells (APCs), as found in cases of allograft 

rejection and cancer [35-37]. Activated NK cells have been well characterized to lyse 

immature Des. These studies suggest that the NK cells, besides being the arsenals of the 

innate immunity, play an immunomodulatory role to bridge the innate and the adaptive 

responses. 

b) Dendritic cells (DCs) 

Dendritic cells (Des) are the major antigen presenting cells (APes), carrying 

pathogen-related information within the immune system [38]. They are known to possess 

a unique ability to migrate from the peripheral tissues to the T cell areas in the lymph 

nodes where they provide the narve T cells with Ag-specific "signal I" and the 

costimulatory "signal 2". Recent investigations (39-42] suggest that the migrating 

dendritic cells also can povide "signal 3" for polarization, which drives the primary T 

cell responses towards either a Th I or Th2 direction. Intracellular microorganisms and 
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their products can also mediate Th lffh2-inducing phenotypes in DCs [43, 44]. DCs can 

also receive indirect polarizing signals from a variety of immune cells [45, 46]. Resident 

pulmonary DCs are immature and are very effective in antigen presentation [ 4 7]. 

Nevertheless, numbers ofDCs in the lungs increase in inflammatory diseases [48-50]and 

DCs have been suggested to play a critical role in allergic and asthmatic responses [50-

52). 

The innate immune cells like DCs and NK cells interact with each other in the 

inflamed tissues and secondary lymphoid organs leading to modulation of different innate 

effector mechanisms [53]. Thus, the final outcome of these cellular interactions may have 

a dramatic impact on the quality and strength ofthe downstream adaptive immune 

responses [54]. The effect on the adaptive immunity can result not only due to the action 

of the polarizing cytokines like IFN-y and IL-4 [55-57], but also from the NK-mediated 

"DC editing" leading to the selection ofthe most suitable DCs for subsequent priming of 

T helper responses. 

Pulmonary T cell responses 

Adaptive immunity recognizes and selectively eliminates specific foreign 

microorganisms and molecules [ 15]. T helper (Th or CD4+ T cells) and T cytotoxic (Tc 

cells or CDS+ T cells) lymphocytes are two well-defined subpopulations of the T cells. A 

third type ofT cell, called T regulator (Treg) has also been postulated to be a distinct 

group ofT cells [15]. The Th cells bring about cell-mediated immunity as well as support 

8-cell activation. To understand the mechanisms through which the Th and CDS+ T cells 
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respond to infection, it is critical to evaluate their responses in infection and the cytokines 

they produce. Th cells, in both humans and mice, are separated into two subpopulations, 

Th 1 and Th2 [ 58-60]. Th 1 cells are characterized by the production of pro-inflammatory 

type of cytokines like IL-2, GM-CSF, lymphotoxin (TNF-P) and IFN-y. The Th J cells 

mediate cell-mediated immunity by the regulation of macrophage and cytotoxic T cell 

responses and delayed-type hypersensitivity (DTH) responses [60). In contrast, Th2 cells, 

which produce IL-4, IL-5, IL-6 and IL-l 0, are involved in B cell activation and antibody 

(Ab) production [60). In addition to the Th cells, CDS+ T cells are also known to regulate 

pulmonary immune responses [61-64]. 

T helper cells 

The Th I cells are classically known to be crucial for defense against intracellular 

pathogens such as viruses, raise classic delayed-type hypersensitivity against viral and 

bacterial pathogens and fight cancer [15). Th2 cells are known to mediate prot\!ction 

against extracellular parasites. However, on the flip side, Th 1 and Th2 cells can also 

contribute to pathology. When Th 1-type responses are more aggressive they are known to 

generate organ-specific autoimmune diseases like multiple sclerosis, rheumatoid arthritis 

and type I diabetes [65). On the other hand, Th2-type responses are involved in allergy 

and IgE-mediated diseases, predisposing individuals to systemic autoimmune disease 

[65, 66]. Several studies point out to the detrimental roles ofTh cells in pulmonary 

immunity too. For example, experiments using adoptive transfer ofTh cell clones [67] 

suggest that Th I cells mediate resistance to influenza while Th2 cell clones do not play a 
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primary role in virus resistance but can lead to exacerbation of pulmonary pathology. IL-

4 produced by Th2 cells promotes generation oflgE responses [60, 68]. IL-5, another 

Th2 type cytokine, is known to be chemotactic for eosinophils and is involved in 

eosinophilic inflammation [ 69, 70]. Thus, Th2 cells are the major mediators of allergies 

and asthma. Recent studies [71] also suggest the involvement of Th 1 cells in the 

contribution to pathogenesis in inflammation associated to asthma. Overall, the Th 

subpopulations can be important in the pathogenesis, protection or exacerbation of 

disease depending on regulatory cytokines that they produce. 

Cytokines 

Cytokines are small peptides (- 25k.Da) that are released in response to an 

activating stimulus by various immune and non-immune cells in the body [16). Cytokines 

bind to specific receptors on the target cells, triggering signal transduction pathways that 

\ 

ultimately bring about change in gene expression in target cells. Cytokines regulate the 

intensity and the duration of an immune response by stimulating or inhibiting activation, 

proliferation, differentiation of various cells and by regulating the secretion of antibodies 

or other cytokines. They act in a autocrine, paracrine or endocrine fashion to exert their 

impact on the innate immunity, adaptive immunity, hematopoieses and inflammation 

[15]. IL-4 and IFN-y are the key cytokines for the induction and regulation of~e Th2 and 

Th 1 pathways, respectively. 
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a) Interferon gamma (IFN-y) 

IFN-y is a pleiotropic cytokine that influences both innate and adaptive immune 

systems. It favors the development of a proinflammatory, cell-mediated immune response 

by the stimulation of APCs as well as driving the differentiation of CD4+ T -helperl {Th I) 

lymphocytes [22]. Though it belongs to the family of interferons that are responsible to 

protect against viral infection, it presents more immunomodulatory properties than the 

specific antiviral activity [72]. IFN-y is majorly produced by activated NK cells, CD4+ 

Thl cells and CDS+ T cytotoxic cells [73, 74]. However, yo T cells, NK T cells, 

macrophages, dendritic cells, nai"ve CD4+ T cells and even B cells have also been 

reported to produce IFN-y [75, 76]. Some of the innate functions ofiFN-y include 

inhibiting viral replication and enhancing macrophage activity whereas it influences the 

development of adaptive immune responses by increasing the expression of class I and II 

MHC molecules, inducing a class switch to lgG2a in proliferating B cells and most 
\ 

importantly inhibiting the Th2 cell proliferation. It also contributes in some of the crucial 

effects resulting in delayed-type hypersensitivity [15, 77]. 

b) IL-4 

IL-4 was originally identified as a B cell growth factor and promotes lgE isotype 

switch in B cells. IL-4 is required for optimal Th2 and mast cell differentiation [78]. IL-4 

is also produced by mast cells and eosinophils besides the Th2 cells [78, 79]. IL-4 
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induces the rolling on, and adhesion to, endothelial cells of circulating eosinophils 

causing inflammatory [80]. IL-4 also directs the down-regulation ofThl responses by 

blocking the secretion ofiFN-y and IL-2 [81 ]. 

Cbemokines 

Chemokines represent a large family of proteins secreted by many immune and non-

immune cells responsible for orchestrating the organized and regulated movement of 

cells to specific tissues [82, 83].Chemokines can be divided on the basis of being 

constitutively expressed (homeostatic) and inducible or inflammatory chemokines. In 

general, chemokines function to control the migration and recruitment of leukocytes 

under nonnal and more importantly during the inflammatory process. CXC chemokines 

recruit neutrophils in the early phase of an inflammatory response. while CC chemokines 

generally support monocyte, lymphocyte and eosinophil recruitment in the late phase 
\ 

[83]. In chronic phases of inflammatory reactions, the chemokines responsible to 

maintain homeostasis can also get up-regulated and regulate the influx of lymphocytes 

and dendritic cells (83). Structural cells like epithelial cells. fibroblasts and endothelial 

cells also produce chemokines. Epithelial cells, in response to viral infections can 

produce a wide range of inflammatory cytokines and chemokines including CCL2, 

CCL3, CCL5, CCLII , CXCLI, CXCL5 and CXCL8 which lead to the recruitment ofT 

cells, NK cells, macrophages, eosinophils, and neutrophils [84]. However, this also may 

contribute to existing airway inflammation and dysfunction in asthma through 

13 



amplification of pre-existing allergic inflammation. The Th 1 and Th2-type cells express a 

characteristic receptor profile. Th 1 cells, after activation and differentiation, express 

CCR3 and CCRS, whereas Th2 cells express CCR3, CCR4, CCR8 and CXCR4 [85]. Th 

cells also produce different chemokines upon activation. Th I cells produce CCL5 and 

Th2 cells produce CCLI and CCL22 [83]. Not only is the preferential recruitment ofTh 

cells governed by chemokines, during inflammation, but chemokines also play a direct 

role in activation and polarization ofT cells. Certain chemokines like CCLI. CCL2. 

CCL II, CCL 17 and CCL22 get preferentially produced in the presence of Th2 cytokines, 

while CCL3, 4 and 5 production is enhanced in Th I type responses in lymphocytes [86]. 

Thus, chemokines play a crucial role in controlling the microenvironmental localization 

ofT cells within the tissue parenchyma resulting in either exacerbated inflammatory or 

immunomodulatory immune responses. 

Mycoplasma respiratory infection 

Mycoplasma respiratory diseases are found in humans and animals. The best 

known and the most important mycoplasma disease in humans is Mycoplasma 

pneumoniae respiratory disease. M pneumoniae accounts for about 8 to 15 million cases 

of pneumonia, every year, in the United States alone [87]. It is also the second leading 

cause of tracheobronchitis in children. Symptoms are chronic both in onset and recovery 

[2, 3, 87]. Though not typically life threatening, M pneumoniae infection can be severe 

involving several other extrapulmonary complications like arthritis, dermatological 
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sequelae, etc [88-91]. Mycoplasma respiratory disease thus, has a major impact on health 

and necessitates further investigation in the mechanisms involved in its pathogenesis. A 

murine model of M pneumoniae infection has been established only recently; however 

there are limitations with this model, in it not being able to mimic the human disease. To 

study the role of immune system in the pathogenesis ofthe disease and to further 

elucidate the host-mycoplasma interactions leading to a respiratory disease, we use the 

murine model, Mycoplasma pulmonis which causes respiratory infection in mice and rats 

also known as murine respiratory mycoplasmosis (MRM). It is a naturally occurring 

disease among rodents with high morbidity and low mortality (92, 93]. It serves as an 

excellent animal model as it causes rhinitis, otitis media, laryngotracheitis and 

bronchopneumonia in mice, similar to that caused by M pneumoniae in humans. 

· Histologically too, M pulmonis chronic respiratory disease shows a similar infiltration of 

lymphoid cells along the airways of the respiratory tract, as that seen in a M pneumoniae 

disease. 

Immune responses against mycoplasma respiratory disease 

The mechanisms that determine whether the host generated immune responses are 

protective or immunopathologic are not known for a mycoplasma disease. The initial 

interactions between the mycoplasma and the host and the mediators of innate immunity 

are characterized to be critical determinants of the disease initiation [94-96]. However the 

contribution of the adaptive immune system in the establishment of the disease cannot be 
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overlooked, due to the chronic nature of the disease. T cell activation is most likely 

pivotal in determining the outcome of the responses on mycoplasma infection and 

disease. That the T cells have an immunopathologic role is supported by studies carried 

out in T cell deficient mice or hamsters, which develop less severe mycoplasma disease 

compared to their immunocompetent counterparts [10, II]. Similarly, SCID mice, which 

lack functional B or T cells, develop significantly less severe M pulmonis lung disease 

than immunocompetent mice [12]. There is no difference in the numbers of mycoplasma 

in the lungs of SCID and immunocompetent mice, indicating that lymphoid responses, 

and not uncontrolled infection, are responsible for inflammatory lesions due to 

mycoplasma infection. Although these studies indicate that the lung disease due to 

mycoplasma is immunopathologic, the protective role of the adaptive immune responses 

are demonstrated in controlling the extrapulmonary dissemination of the disease, as SCID 

or nude mice (lack T cell development) develop arthritis and eventually die [12]. 

Importantly, our lab has shown that mycoplasma-specific T helper {Th) and CDS+ 

\ 

T cell activation in the lung play critical and contrasting regulatory roles in the 

development ofimmunopathologic reactions in mycoplasma respiratory disease [97]. Th 

cells promote inflammatory responses in mycoplasma disease while COS+ T cells dampen 

these responses. Recent studies [9S] also demonstrate that the mycoplasma susceptible 

strains of mice display an intense development of cytokine and chemokines as compared 

to the mycoplasma respiratory disease resistant strain. The increased cytokine and 

chemokine responses were mostly associated with inflammatory reactions. In fact, CD4+ 

T cells accumulated in the pulmonary lesion areas which had high expression of the 
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macrophage inhibitory protein 113 (MIP-113; CCL-4) and monocyte chemoattractant 

protein 2 (MCP-2; CCL-8). Thus, this study indicates that the increased chemokine 

production after mycoplasma infection results in the recruitment and retention of Th cells 

in the lungs, possibly leading to their participation in disease pathogenesis. 

Recent studies in our lab also demonstrate that there is an increase in the number 

of F480+ macrophages and more mature/activated CD II c + CD II b + Des in the lungs of 

susceptible mice after mycoplasma infection (X. Sun, H. Jones, J. Simecka; manuscript 

in preparation). Des from the lungs of infected mice were seen to be most capable of 

stimulating mycoplasma-specific T cell responses in vitro, and they were found to 

interact with CD4+ Th cells in inflammatory infiltrates in the lungs of infected mice. 

Thus, DCs appear to be a major antigen (Ag) presenting cell population responsible forT 

cell stimulation in the lungs after mycoplasma infection, and it is likely that these in vivo 

interactions contribute to the immune responses that impact the disease pathogenesis. 

IFN-y is critical in controlling mycoplasma disease in the lower respiratory tract 

(lungs), early after mycoplasma infection [99, l 00]. The loss ofiFN-y or IL-4 did not 

result in a difference in protection in the upper respiratory tract (nasal passages); 

however, IL-4·'· mice developed compensatory immune responses in the nasal passages 

with increase numbers of CDS+ T cells and macrophages. The loss ofiFN-y, but not IL-4, 

led to an exacerbated disease severity and higher numbers of mycoplasma in the lungs. 

Since, NK cells were found to be the major population in the lungs producing IFN-y at 3 

days post mycoplasma infection [99), it was thought that NK cells will contribute to 

protective innate immune responses. In contrast to our expectations, after depletion of 
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NK cells, wild-type mice still cleared mycoplasma. However, the depletion ofNK cells 

from the IFN-y"1
- mice led to a better clearance of mycoplasma from the lungs, at an early 

time point (3 days after mycoplasma infection, indicating the involvement of an innate 

immune response). It was found that the NK depleted mice had lower levels of 

inflammatory cytokines and less infiltration ofneutrophils in the lung fluids. To 

summarize, IFN-y counteracted the detrimental effects of the NK cells on innate 

immunity that controlled mycoplasma clearance, but in the absence of IFN-y, NK cells 

promoted disease. These studies for the first time showed that the pulmonary NK cells 

have an immunosuppressive activity on innate immune mechanisms and these dampening 

effects can be counter-balanced by JFN-y [99]. 

Since, antibiotics and therapies to control the mycoplasma infections have not yet 

been completely successful, the development of efficient vaccines seems a promising 

approach to control mycoplasma respiratory diseases. The generation of mucosal 

immunity by locally immunizing the respiratory tract is feasible and seems to be 

advantageous over systemic immunization since it renders protection in the entire 

respiratory tract. Studies in animals and humans indicate that intra-nasal vaccination is 

effective [101-103]. Studies in our lab also demonstrate that nasal-pulmonary 

immunization was effective in controlling mycoplasma infection both in the upper and 

the lower respiratory tracts and could also result in the generation of robust humoral 

immunity [9]. However, adverse immunopathologic reactions, characterized by 

pulmonary airway inflammation [9, I 04, I 05], after intranasal immunization are a major 

concern in the development of effective vaccines against mycoplasma respiratory 
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diseases. Yet, the immune mechanisms involved are not fully understood. Therefore, the 

purpose of the studies in this thesis was to determine the contribution ofNK cells and the 

impact ofthe polarizing cytokines, IFN-y and IL-4 in the generation of protective 

adaptive immunity against mycoplasma infection upon nasal-pulmonary immunization. 

Studies are needed to further define the exact role ofNK cell subsets in 

mycoplasma disease. It is clear that NK cells can provide signals to both DCs and T cells 

through soluble factors secreted by the NK cells or direct cell-cell interactions and that 

these signals trigger effecter functions in the responder cells. However, whether NK cells 

contribute to the development of pathogenic and/or protective responses in response to 

immunization is not known. That the loss of IFN-y or IL-4 generates a difference in 

mycoplasma disease severity is already demonstrated. Whether, protective or 

immunopathologic Th I and Th2 cell types are generated upon immunization in each of 

the cytokine deficient mice is of interest and deciphering how the loss of a single 

cytokine affects the nature of cytokine/chemokine profile will help determine some of the 

immunopathologic factors after nasal-pulmonary immunization. Developing methods to 

control mycoplasma infection and appropriately maximizing the responses generated by 

the NK cells and IFN-y and IL-4 after nasal-pulmonary immunization may offer new 

therapeutic approaches. 

The work summarized in this dissertation unravels several unique and novel 

immune responses generated in response to nasal-pulmonary immunization. The studies 

conducted demonstrate the detrimental role ofNK cells in the development of protective 

19 



adaptive immunity against mycoplasma respiratory disease. The protection rendered in 

mice depleted ofNK cells was due to lymphoid cells. Interestingly, NK cells influence 

the generation of protective adaptive immunity via CD4+ T cells, and this is the first time 

that a favorable role of functional CD4+ T cells in mediating protection in mycoplasma 

respiratory disease is demonstrated. Also, this work begins to demonstrate the 

immunoprotective role of Th l-type cells in mycoplasma respiratory disease as IL-4 

significantly hinders with the generation of efficient adaptive immunity. A very crucial 

role of IFN-y in controlling the intense inflammatory immune responses generated after 

mycoplasma infection is also demonstrated. Overall, this work brings to light many novel 

immune mechanisms developed during the generation of adaptive immune responses. 

Understanding these mechanisms involved in modulating the immune responses will help 

develop approaches to bypass the dampening effects generated by certain arms of the 

host immune system affecting both the innate and adaptive immunity and to successfully 

develop vaccines against mycoplasma respiratory diseases. 
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CHAPTER II 

NK cells interfere with the generation of resistance against mycoplasma respiratory 

infection following nasal-pulmonary immunization 

The purpose of the present study was to determine the impact ofNK cells on the 

development of protective adaptive immunity in response to nasal-pulmonary 

immunization against mycoplasma. Depletion ofNK cells prior to nasal-pulmonary 

immunization enhanced resistance to mycoplasma respiratory infection. The effect ofNK 

cells on the generation of protective immunity in lungs was dependent on lymphoid cells, 

as immunization of either SCID mice or immunocompetent mice depleted ofCD4+ T 

cells did not demonstrate any increased resistance in the presence or absence ofNK cells. 

The presence ofNK cells at the time of nasal-pulmonary immunization modul~ted 

mycoplasma-specific cytokine responses in lungs and lower respiratory nodes. In 

particular, NK cells skewed the mycoplasma-specific T cell cytokine responses in the 

draining lymph nodes to higher IL-4 and lower IFN-y. Adoptive transfer oftotallung 

lymphocytes isolated from immunized mice into nai·ve mice led to a significant reduction 

in the mycoplasma numbers in lungs, and the resistance was greater if cells were obtained 

from immunized mice which were depleted ofNK cells. Similar results were obtained if 

purified B cells, T cells or CD4+ T cells were used. Interestingly, this is the first time that 
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a favorable role of functional CD4+ T cells in mediating protection in mycoplasma 

respiratory disease was demonstrated. Thus, NK cells can influence the responses of 

multiple lymphocyte populations capable of mediating resistance to mycoplasma 

infection. 

Introduction 

Mycoplasma infections are a leading cause of respiratory diseases in humans and 

animals worldwide. Mycoplasma respiratory diseases have a major economic impact in 

livestock, such as cattle, pigs and goats [I 06]. In humans, Mycoplasma pneumoniae is a 

major cause of respiratory disease, accounting for 8 to 15 million cases of pneumonia 

every year in the United States alone (87]. It is the second leading cause of 

tracheobronchitis in children and is also associated with the exacerbation of asthma in 

humans [90, I 07]. Mycoplasma pulmonis causes a naturally occurring respiratory disease 

in mice and rats with high morbidity and low mortality[92, I 08). M pulmonis causes 

rhinitis, otitis media, laryngotracheitis and bronchopneumonia in mice, similar to that 

caused by M pneumoniae in humans and mycoplasma infections in other animals. M 

pulmonis serves as an excellent animal model for mycoplasma respiratory diseases, 

including M pneumoniae infection in humans, allowing the study of host immune 

responses to these infections. In terms of histopathology, these diseases are characterized 

by the accumulation of mononuclear cells, macrophages and lymphocytes, along the 

respiratory ahways [2, 93, 109]. This infiltration suggests that the activation and 

recruitment of macrophages and lymphocytes is critical in the development of both acute 
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and chronic states of the disease. In fact, several studies demonstrate that immune 

responses cannot only protect from disease, but they can contribute to the pathology [ 10-

12]. This has complicated the development of mycoplasma vaccines. Thus, it is critical to 

understand the regulatory mechanisms affecting immune responses that contribute to 

resistance against mycoplasma respiratory diseases to develop optimal approaches for 

vaccination. 

Both adaptive and innate immune mechanisms are involved in determining the 

outcome of mycoplasma respiratory infection. The initial interactions between 

mycoplasma and the mediators of innate immunity have a major influence on 

detennining the establishment of infection in the lungs [12, 94]. Adaptive immunity 

clearly contributes to both the pathology in mycoplasma respiratory disease and 

resistance to infection. The contribution of lymphoid cells, particularly T cell responses, 

to the severity of inflammatory lesions is supported by studies using SCID mice, T -cell 

deficient mice and hamsters [10-12]. Furthermore, depletion ofT helper cells (Th) results 

' in less severe lung diseases, demonstrating that Th cell responses can contribute to 

disease pathology in the lung [II 0]. To the contrary, CDS+ T cells dampen the severity of 

mycoplasma pulmonary disease. Although lymphoid cell responses can contribute to 

lesion severity, immune responses along the respiratory tract can also confer resistance to 

mycoplasma infection [9, Ill]. Local (nasal-pulmonary) immunization is more effective 

than systemic routes of immunization against mycoplasma infection [9]. Thus, there 

appears to be a complex balance between beneficial and detrimental adaptive host 

responses, and an understanding of the mechanisms involved in modulating these 
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responses throughout the respiratory tract is critical for vaccine development and 

evaluation. Importantly, little is known about how innate immune mechanisms may 

influence the type and effectiveness of adaptive immunity against mycoplasma infection. 

Natural killer (NK) cells play a critical role in the initial phases of mycoplasma 

infection [99]. NK cells are lymphocytes of the innate immune system that are involved 

in the early defense against foreign cells and autologous cells undergoing various forms 

of stress, such as microbial infection or tumor transformation[21 ). NK cells also produce 

cytokines, such as IFN-y, TNF-a and granulocyte macrophage-colony stimulating factor 

(GM-CSF), and chemokines such as CC chemokine ligand 3 (CCL3; macrophage 

inflammatory protein 1-a (MIPI-a), CClA (MIPI-~) and CCL5 (RANTES), when 

stimulated with susceptible target cells. Recent studies in our lab demonstrate that IFN-y 

is critical in controlling mycoplasma disease early in infection [I 00). Three days after 

mycoplasma infection ofBALB/c mice, NK cells are the major population in the lungs 

producing IFN-y [99). Surprisingly, depletion ofNK cells from IFN-y -I- mice prior to 

infection leads to a more effective clearance of mycoplasma from the lung than NK cell 

competent IFN-y -I- mice; this effect was not seen in NK depleted wild type mice. There 

were also lower levels of inflammatory cytokines and less infiltration of neutrophils in 

the lungs of the NK depleted IFN-y _,_mice, indicating a corresponding decrease in 

inflammatory disease. These results demonstrate that in the absence ofiFN-y, NK cells 

can dampen innate immune mechanisms that help control mycoplasma numbers in the 

lung. 
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The purpose of the present study was to extend our previous work [99] and 

determine the impact ofNK cells on the development of protective adaptive immunity in 

response to nasal-pulmonary immunization against mycoplasma. NK cells can regulate 

adaptive immune responses through the production of Th 1-type cytokines early after viral 

infection [112] or through the activation of dendritic cells [54]. The depletion ofNK 1.1 + 

cells before immunization with OVA inhibits pulmonary eosinophilic and T cell 

infiltration with decreased levels ofiL-4, IL-5 and IL-12 in the bronchoalveolar lavage 

(BAL) fluid in a murine model of allergic asthma [33]. However, the role ofNK cells in 

the generation of adaptive immunity against mycoplasma infection is unknown. Based on 

our previous studies [99], we hypothesized that NK cells would negatively regulate the 

generation of protective immunity against mycoplasma infection. Our results demonstrate 

that depletion ofNK cells prior to nasal-pulmonary immunization led to improved 

resistance against mycoplasma infection along the respiratory tract. Furthermore, 

protection rendered in mice depleted ofNK cells was due to lymphoid cells. 

Interestingly, this is the first time that a favorable role of functional CD4+ T cells in 

mediating protection in mycoplasma respiratory disease was demonstrated. These results 

indicate that NK cells influence the generation of protective adaptive immunity, which is 

mediated by CD4+ T cells, and NK cells may interfere with the development of optimal 

immunization strategies against mycoplasma infections. 
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Materials and Methods 

Mice 

Female BALB/cJ wild-type and SCID (CBySmn.CB 17-Prkdcscid/J on a 

BALB/cBySmn background) mice, tested to be virus- and mycoplasma-free, were 

obtained from Jackson Laboratories (Bar Harbor, ME). Mice were housed in sterile 

microisolator cages supplied with sterile bedding, food and water provided ad libitum. 

Mice used in the study were between 6-8 weeks of age. Female mice were used in all 

studies. Before experimental immunization and infection mice were anesthetized with an 

intraperitoneal injection of diluted ketarnine-xylazine. The animal studies were reviewed 

and approved by the University of North Texas Health Science Center Institutional 

Animal Care and Use Committee (IACUC). 

Mycoplasma 

The UAB CT strain of M. pulmonis was used in all experiments. Stock cultures 

were grown, as previously described (113], in mycoplasma PPLO medium (Acumedia, 

Lansing, MJ) and frozen in I ml aliquots at -80°C. For inoculation, thawed aliquots were 

diluted to 2 x I 05 CFU/20 J.d. Nasal-pulmonary inoculations of 20 J..Ll of diluted 

mycoplasma were given for experimental infections. 

Preparation of M. pulmonis antigen 

Crude preparations of M. pulmonis membrane were used for immunization and in 

vitro stimulation and prepared as previously described [96]. Briefly, M pulmonis was 

cultured at 37°C in mycoplasma broth medium and harvested at pH 7. Cells were then 

centrifuged at 10,000 rpm for 20 min, and pellets were resuspended in 5 ml sterile 0.25 M 
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NaCI. Following a second centrifugation at 9,000 rpm for 20 min, pellets were 

resuspended in a total of 4 ml 2M glycerol at 37°C. Cells were then sonicated at the 

highest setting for 15 seconds using Vi bra cell sonicator (Sonics & MaterialsNibrio Cell, 

Newtown, CD, followed by incubation at 37°C for 10 min. For cell lysis, 0.5 ml ofthe 

cell preparations were then forced through a 27-gauge 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 I h. Membranes were 

resuspended in 5 ml sterile PBS (HyClone Laboratories, Logan, UD and stored at -80°C. 

All centrifugations were done at 4°C. Protein concentration was determined using 

Bradford protein assay (Bio-Rad, Hercules, CA). 

Immunization of mice 

Immunizations were done on days I and 7 with M pulmonis antigen (5 J..Lg) in a 

24 f.d volume, resulting in nasal-pulmonary deposition ofthe inoculum [9). Control mice 

were inoculated with 24 ~I sterile PBS. 

NK cell depletion 

To deplete mice ofNK cells, mice were given intraperitoneal injections of anti

asialo ganglio-N-tetraosylceramide (GM)-1 antibody (Wako, Osaka, Japan) (50 

J.LI/mouse). NK cell depletions were done I day prior to each of the nasal-pulmonary 

immunizations. Depletion was monitored by staining splenic and pulmonary lymphocytes 

with FITC-Iabeled DXS monoclonal antibody (Caltag Laboratories, Carlsbad, CA) 

followed by flow cytometry. Control mice were injected with I 00 f.ll sterile PBS. 
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Determination of mycoplasma numbers 

The number of mycoplasma colony forming units (CFU) in the lungs and nasal 

passages were determined as previously described [ 113]. Briefly, lungs were placed in 1 

ml mycoplasma broth medium and minced. The samples were sonicated (Vi bra cell 

sonicator; Sonics & MaterialsNibro Cell) for 1 minute at 50 amplitudes without pulsing. 

After sonication, serial dilutions ( 1:1 0) were prepared, and 20 J.Ll of each dilution was 

plated onto mycoplasma agar medium. After 7 days of incubation at 37°C, colonies were 

counted, and the number of CFU recovered from each tissue was calculated. 

Lymphocyte isolation 

Mononuclear cells were isolated from lungs, as previously described (114]. 

Briefly, lungs were perfused with PBS without magnesium or calcium to minimize 

contamination of the final lung cell population with those from the blood. The lungs were 

finely minced. The tissues were suspended in RPMI 1640 medium (HyClone 

Laboratories, Logan, UT) containing 300 U/ml Clostridium histolyticum type I 
\ 

collagenase (Worthington Biochemical, Freehold, NJ), 50 U/mL DNase (Sigma-Aldrich, 

St. Louis, MO), 10% FBS (HyClone Laboratories), HEPES (Fisher Scientific, Pittsburgh, 

PA), and antibiotic/antimycotic solution (Life Technologies, Grand Island, NY). The 

tissues were incubated at 37°C while mixing on a Nutator (Fisher Scientific) for 90-120 

min. During the incubation period, the tissues were vigorously pi petted every 30 min. 

After incubation, the digestion mixture was passed through a 250-J,Ull nylon mesh to 

remove undigested tissue. Mononuclear cells were purified from cell suspension by 
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density gradient centrifugation using Lympholyte M (Accurate Chemicals, Westbury, 

NY). 

Spleen and lower respiratory lymph node (LRN) cells were isolated after 

centrifugation of all suspensions, followed by red cell removal using ammonium chloride 

potassium lysis buffer, as previously described [ 1 1 5]. 

Immunofluorescent characterization of lymphocyte populations 

Two-color and three-color immunofluorescent staining was performed to identify 

NK, T. B, monocyte, macrophage and dendritic cell populations using FITC-Iabeled anti-

murine NK mAb (DX5; Caltag Laboratories) PE-Iabeled anti-murine CD3£ mAb (145-

2Cll; Caltag Laboratories), FITC-labeled anti-CD4 mAb (L3T4, RM4-5; BD 

PharMingen. San Diego, CA), FITC-labeled anti-COS mAb (Ly-2, 53-6.7; BD 

PharMingen), PE-Cy7-labeled anti-CD45R mAb (RA3-6B2; BD PharMingen), PE-Cy7-

labeled anti-CD II b (lntegrin a.M chain, Mac- I a. chain, M 1170; Caltag Laboratories), 

FITC-Iabeled anti-F4/80 (BMS; Caltag Laboratories) and PE-Iabeled anti-CDIIc 
\ 

(lntegrin ax chain, HL3; BD PharMingen), respectively. Briefly, 5 x I 05 cells per tube 

were incubated with purified 2.4G2 mAb (CDI6/CD32; BD PharMingen) for 5 min at 

4°C to reduce nonspecific binding ofFcii!IIIRs before fluorescent Abstaining. The cells 

were incubated for 30 min at 4°C with 200 f.Ll fluorescent Ab (2 f.Lg/ml). The cells were 

washed in staining buffer (Mg2+ -free, Ca2+ -free PBS with 0.05% sodium azide, 1% FBS) 

and fixed with 4% paraformaldehyde solution for 30 min, cells were then resuspended in 

staining buffer and data was acquired using a Beckman Coulter Cytomics FCSOO. Data 

analysis was performed using the CXP Analysis software provided by Beckman Coulter 
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(Fullerton, CA). Lymphocyte gates and detector voltages were set using unstained 

(control) lung and splenic cells. The proportion of each cell population was expressed as 

the percentage of the number of stained cells. To determine the total number of a specific 

lymphocyte population, the total number of lymphocytes isolated from each tissue was 

multiplied their percentage. 

Adoptive transfers of isolated T lymphocyte populations 

T cells were purified using paramagnetic bead-conjugated Ab and AutoMAcsR 

(Miltenyi Biotec, Auburn, CA) following manufacturer's instructions. Pulmonary T cells 

(negative fraction) were isolated by PanT cell isolation Kit (Miltenyi Biotec) by 

depleting non-T cells (positive fraction) using a cocktail biotin-conjugated Ab followed 

by Anti-Biotin MicroBeads. Both positive and negative fractions were collected and used 

for further adoptive transfer studies. Confirmation of cell purity was determined using 

flow cytometry. Cell fractions with a depletion of>95% were used for subsequent 

experimentation. 

Fluorescent activated cell sorting. The purification of pulmonary CD4'+ T cell 

lymphocytes was performed by cell-sorting techniques. Briefly, total pulmonary 

lymphocytes were labeled with FITC anti-CD4 (L3T4, RM4-5, BD PharMingen) after 

blocking the Fe receptors. After labeling, total lung lymphocytes were sorted using an 

InFlux cell sorter (Cytopeia, Seattle, W A). CD4+ T cell populations were collected. 

Selected cell populations were determined to have a purity of at least 99%, as analyzed 

using Spigot software (Cytopeia). 
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Whole lung lymphocytes or purified pulmonary T cells and non-T cells were 

obtained from immunized and NK cell depleted, immunized mice on day 14 post-

immunization and were adoptively transferred into naive mice via tail-vein injections. I 06 

total lung lymphocytes or 5 x I 05 purified T cells or CD4+ T cells in I 00 J.ll were given to 

each naive mouse. The na"ive mice were infected with mycoplasma one day after the 

adoptive transfers. 

In vivo depletion of CD4 and CDS cells using monoclonal antibody treatment 

Clones, CD4 specific {GK1.5 (L3T4)} and CDS specific {53-6-72 (LyT3)} 

monoclonal Ab were obtained (BioExpress Cell Culture Services, West Lebanon, NH) 

and were used to deplete CD4+ and CDS+ T cells. To deplete CD4+ and CDS+ T cells, 300 

f.Lg/500 f.1l of Ab were injected intraperitoneally I day prior to each of the nasal-

pulmonary immunizations [ 11 0). In vivo depletion of lymphocyte population was 

confirmed as~ 9S% depletion by examining splenic and pulmonary lymphocyte 

populations using immunofluorescent staining, followed by flow cytometry. More than 
\ 

95% ofCD4+ and CDS+ T cells were depleted 7 days after injection ofthe respective 

depleting antibody. 

Ag-specific in vitro stimulation of mononuclear cells 

LRN and pulmonary lymphoid cells, isolated from control, immunized and NK 

cell depleted immunized mice at day 14 post-immunization, were cultured in 96-well 

round-bottom microliter plates in RPMI 1640 (HyClone Laboratories) supplemented with 

5% FBS (HyCione Laboratories), HEPES, antibiotic/antimycotic solution (Life 

Technologies), and 50 f.1M 2-mercaptoethanol (Life Technologies). Lymphoid cells were 
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cultured at 37°C and 5% C02. Cells were stimulated with or without 5 ~g/ml 

mycoplasma membrane Ag in a final volume of200 ~1/well of culture medium at a cell 

concentration of 2 x J 06 cells/mi. Supernatants were collected 4 days later and stored at -

80°C until assayed for cytokine levels. 

Cytokine assays 

The levels of cytokines were measured by capture ELISA. Murine IFN-y and IL-4 

levels were measured using OptEIA IL-4 and IFN-y ELISA set (BD PharMingen). Easy

wash 96-well flat-bottom microtiter plates (BD Biosciences, Bedford, MA) were coated 

overnight at 4°C with I 00 ~I mAb specific for either murine IL-4 or IFN-y diluted in 0.1 

M Na2HP04, pH 9. Plates were washed and blocked with 200 ~I PBSffween 20 

supplemented with I 00/o FBS for 30 min. Following a PBSffween 20 wash, I 00 J.LI 

sample supernatants were placed into the appropriate wells and incubated overnight at 

4°C. Plates were washed three times with PBS/ 0.05% Tween, and 100 J.LI biotinylated rat 

anti-mouse cytokine (IL-4 or IFN-y) mAb was added to each well and incubate4 

overnight at 4°C. To reveal the reaction, avidin-HRP and TMB substrate (Moss) were 

used. Plates were read using an MX80 plate reader (Dynatech) at an absorbance of630 

nm. I 00 J.LI of 0.25 M HCI were also added to the reaction as needed to increase the 

sensitivity of reaction, and read at an absorbance of 450 nm. Cytokine levels were 

detennined by comparison with standard curves generated from murine recombinant 

cytokines (IL-4 and IFN-y, BD PharMingen) after log/log quadratic linear regression 

analysis using Revelation 2.0 software (Dynatech). 
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Statistical analysis 

Data were evaluated by ANOVA, followed by Fisher protected least square 

differences multigroup comparison. These analyses were performed using the StatView 

(SAS Institute, Cary, NC) computer program. When appropriate, data were 

logarithmically transformed before statistical analysis and confirmed by a demonstrated 

increase in power of the test after transformation of the data. A p value~ 0.05 was 

considered statistically significant. If data were analyzed after logarithmic 

transformation, the antilog of the means and standard errors (SEs) oftransformed data 

were used to present the data and referred to as the geometric means (x/+ SE). 

Results 

Depletion of Asialo GMt+ cells, prior to immunization, enhances protection from 

mycoplasma respiratory infection 

A previous study from our lab [99] demonstrated that NK cells could have 

deleterious effects on innate immune responses during mycoplasma infection. To 

determine whether the presence ofNK cells affects the generation of mycoplasma

specific protective immunity along the respiratory tract, NK cells were depleted from 

wild-type BALB/cJ mice prior to nasal-pulmonary immunization (Fig 1 ). Mice were 

immunized with mycoplasma antigen twice, on day 1 and day 7; however, NK cells 

(asialo GMt} were depleted in a group of mice by anti-asialo GMt Ab treatment one 

day prior to each of the immunizations. Another group of mice was injected with sterile 
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PBS instead of anti-asialo GM I Ab. All the mice in each group were infected 7 days after 

the second immunization with mycoplasma antigen or inoculation with PBS. On days 3, 

7 and 14 post-mycoplasma infection, lungs and nasal washes were collected from each 

group of mice, and the numbers of mycoplasma in the upper and lower respiratory tracts 

were enumerated. 

The presence ofNK cells had a detrimental effect on the development of 

mycoplasma-specific protective immunity along the respiratory tract. The depletion of 

asialo GMI+-cells, before immunizations, significantly reduced (p ~ 0.05) the numbers of 

mycoplasmas recovered from the lungs as compared to immunized mice with intact NK 

cells (Fig. 2). The numbers of mycoplasma in lungs ofthe asialo GMI+-cel1 depleted 

immunized mice were at least 1 log lower than in the immunized mice at all time points. 

On day 14, infected and unimmunized mice had significantly more gross lung lesions as 

compared to the immunized counterparts; however, no significant difference in lesion 

fonnation was observed between the asialo GM 1 +-cell depleted immunized and the 
\ 

immunized mice (data not shown). The loss ofasialo GMt+ -cells, prior to immunization, 

also led to the reduction in mycoplasma numbers within the upper respiratory tract. On 

day 3 after infection, a significant reduction of mycoplasma CFU was found in the nasal 

passages ofasialo GMJ+-cel1 depleted immunized group of mice as compared to the 

control and immunized mice. Although immunization in the absence ofNK cells 

conferred resistance early after infection, the enhanced resistance due to NK cell 

depletion in nasal passages disappeared at later time points. These results demonstrate 

that the presence of asialo GM l +-cells during the development of mycoplasma-specific 
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protective adaptive immune responses has detrimental effects on the clearance of 

mycoplasma infection, and this was most consistently found in the lower respiratory tract. 

FIGURE 1. Study design. NK cells were depleted from wild-type BALB/cJ mice, by 

intra-peritoneal injection of rabbit polyclonal anti-asialo GMI Ab on days 0 and 6, one 

day prior to each of the nasal-pulmonary immunization. Mice were immunized with 

mycoplasma membrane antigen once {day 1) and again 7 days later. Control mice 

received PBS instead of immunizations. The mice with NK cell depletion without 

immunizations served as control for the NK cell depleted immunized mice group. To 

monitor resistance to infection, mice were infected 7 days after the second immunization 

with mycoplasma antigen {day 14 after immunization/day 0 after infection). On days 3, 7 

and 14 post-mycoplasma infection, lungs and nasal washes were collected from each 

group of mice, and the numbers of mycoplasma colony forming units {CFU) in the upper 

and lower respiratory tracts were enumerated. To evaluate mycoplasma-specific immune 

responses, including lung lymphocyte purification for adoptive transfers, mice on day 14 

after immunization {uninfected) were used. 
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FIGURE 2. Depletion of Asialo GMl + cells prior to immunization confers better 

protection in lungs and nasal passages to mycoplasma infection. Immunized and 

control mice were infected with mycoplasma and 3, 7 and 14 days later, the numbers of 

mycoplasma CFU were determined in a) lungs and b) nasal passages. Control (hatched 

bar) and NK cell depleted (grey bar) mice were not immunized. Immunized mice (white 

bar) were nasal-pulmonary immunized with mycoplasma antigen alone, while NK cell 

depleted immunized mice (black bar) were also given anti-asialo GM I Ab one day prior 

to each ofthe immunizations. NK cell numbers recovered in NK cell depleted animals by 

the time of infection (day 14). Vertical bars and error bars represent mean x/+ SE (n=8). 

u*w denotes significant difference (p ~ 0.05) from PBS inoculated mice and U.ll denotes 

significant difference (p ~ 0.05) from immunized mice. 
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To determine whether the anti-asialo GM I Ab treatment depleted NK cells, spleen 

and lung cells were collected and immunofluorescently stained with an NK cell specific 

Ab (DX5) and anti-asialo GM-1 Ab. A majority ofanti-asialo GMl+ cells in the spleens 

and lungs were DX5+. However, a small percentage (5%) ofasialo GMI+ cells were also 

CDllb+. Since NK cells can also express CD II b [ 116], a 3-color stain to enumerate 

asialo GM I, DX5 and CD II b expression was done. Only I% of the CD 11 b + cell 

population was found to be asialo GMI+/Dxs-. Asialo GMI did not co-stain with F4/80+ 

cells or with GR I+ cells; markers for mature macrophages [ 117] and neutrophils [ 118], 

respectively. Previously, greater than 95% ofNK cells were shown to be depleted for 3 

days post anti-asialo GM-1 Ab injection [99]; only the NK (DX5+ CD3) cell fraction was 

consistently depleted, while the numbers ofT cells were unchanged. Therefore, the 

mycoplasma-specific protective immune responses due to asialo GMt Ab administration 

most likely can be attributed to depletion ofNK cells rather than any other innate cell 

population. 

Furthennore, we found that the numbers of splenic and pulmonary NK (DX5+) cells 

in the anti-asialo GM I Ab injected mice were restored to levels comparable to the NK 

cells in mice that were not treated with Ab before mycoplasma infection (data not 

shown). The presence ofNK cells during the generation of protective immunity is most 

critical, and their presence during the course of mycoplasma infection did not affect the 

outcome ofthe disease. 
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The effect of NK cells on the generation of protective immunity in lungs is 

dependent on lymphoid cells 

The above studies demonstrate that NK cells dampen the generation of protective 

immunity. There is a possibility that the protection being rendered was due to an 

enhanced generation of non-specific immune responses upon immunization. To ascertain 

whether NK cells modulate protection through lymphocytes of the adaptive immune 

system, SCID mice, lacking functional T and B lymphocytes, were NK cell depleted and 

immunized, similar to the experimental protocol in the previous studies, and the mice 

were infected with mycoplasma 7 days after the second immunization. Three days after 

mycoplasma infection, the number of mycoplasma, in the lungs, were determined. There 

were no significant differences in mycoplasma numbers in the lungs of any of the groups 

ofSCID mice (Fig. 3). Thus in the absence of lymphocytes, NK cell depletion and/or 

nasal-pulmonary inoculation of mycoplasma antigen did not result in any indication of 

the generation of resistance to infection. These results demonstrate that the presence of 

NK cells have a detrimental impact on the cells of the adaptive immunity, which results 

in an impaired development of mycoplasma-specific resistance. 
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FIGURE 3. Effect of NK cells on the generation of protective immunity is dependent 

on lymphoid cells. Immunodeficient (SCID) and immunocompetent (wild-type) mice 

were used to determine the contribution oflymphoid cells on generation of resistance. 

Immunized and control mice were infected with mycoplasma and 3 days later, the 

numbers of mycoplasma CFU were determined in lungs. Control (hatched bar) and NK 

cell depleted (grey bar) mice were not immunized. Immunized mice (white bar) were 

nasal-pulmonary immunized with mycoplasma antigen alone, while NK cell depleted 

immunized mice (black bar) were also given anti-asialo GM 1 Ab one day prior to each of 

the immunizations. NK cell depletions were done using rabbit anti-asialo GM 1 antibody 

one day prior to each of the immunizations. Vertical bars and error bars represent mean 

xl-+- SE (n=6). "*" denotes significant difference (p ~ 0.05) from PBS inoculated mice and 

"+" denotes significant difference (p ~ 0.05) from immunized mice. 
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CD4+ T cells are critical in generating protective immunity in mice depleted of NK 

cells 

As demonstrated above, the effect ofNK cells on the generation of protective 

immunity in lungs is dependent on lymphoid cells. Previous studies [ 11 0] demonstrate 

that T cells play a significant role in regulating the severity of disease without affecting 

mycoplasma numbers. These studies demonstrated that CD4+ T cells promote 

inflammatory disease due to mycoplasma infection, whereas CD8+ T cells dampen 

disease severity. To determine the relative contributions of CD4+ and CDS+ T 

lymphocyte populations in generating protective immunity and to characterize which cell 

population was impacted by NK cells during the development of resistance to infection, 

mice were depleted of CD4+ and/or CDS+ lymphocytes, a day prior to immunization, i.e. 

day 0 and 6. Mice were infected with M pulmonis 7 days after the second immunization. 

Three days after infection the number of mycoplasma, in the lungs, were determined. 

The depletion ofCD4+ T cells in both groups of immunized mice, irrespec'tive of 

NK cell status, resulted in the recovery of more mycoplasma from lungs (Fig. 4). 

Although CDS+ T cells contributed to the response with about a 1 log increase in 

mycoplasma, depletion ofCD4+ T cells had the greatest effect on the resistance found in 

NK cell depleted immunized mice, as there was about a 3 log increase in mycoplasma 

numbers. In contrast, there was less than a log increase in the number of mycoplasma 

-
recovered from immunized mice depleted ofT cell populations. These results clearly 
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indicate that CD4+ T cells are most critical in the development of protective immunity in 

mice depleted ofNK cells. 

FIGURE 4. CD4+ T cells are critical in generating protective immunity in mice 

depleted of NK cells. NK cell depletions were done using rabbit anti-asialo GM I Ab one 

day prior to each of the immunizations. Mycoplasma membrane antigen was used for 

immunizations on days 1 and 7. One day prior to the immunizations on days I and 7, 

CD4+ and /or CDS+ T cells were depleted from a) immunized and b) NK cell depleted 

and immunized mice. Control mice received PBS instead of immunizations. On day 14, 

following the in vivo cell depletions and immunizations, all mice were challenged with 

M pu/monis. The numbers of mycoplasma CFU in lungs were determined 3 days later. 

Vertical bars and error bars represent mean xl-+- SE (n=5). "*" denotes significant 

difference (p ~ 0.05) from PBS inoculated mice, "•n denotes significant difference (p ~ 

0.05) from immunized mice with no C04+ and COS+ T cell depletions and "•" denotes 

significant difference from COS+ T cell depleted mice. 
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Cells from lung-draining lymph nodes of NK cell depleted immunized mice have 

higher IFN-y and lower IL-4 levels than immunized mice. 

Preliminary studies indicate that NK cells do not significantly impact either the 

generation of serum Ab responses or the numbers of lymphoid cell populations (NK, T 

cell populations, and B cells) in the lungs in response to nasal immunization (data not 

shown). To determine whether the NK cells influenced pulmonary T cell cytokine 

responses against mycoplasma Ag, cells from lungs and the lung-draining-lower 

respiratory lymph node (LRN) were isolated from mice 7 days after the second 

immunization and cultured in the presence or absence of mycoplasma Ag in vitro. Four 

days later, supernatants were collected, and the levels of IFN-y and IL-4 were measured. 

Lung and lymph node lymphocytes from immunized or NK cell depleted immunized 

mice produced significant levels of IFN-y and IL-4 in response to mycoplasma Ag (Fig. 

5), whereas lymphocytes from unimmunized mice did not demonstrate mycoplasma

specific cytokine responses (data not shown). Lung lymphocytes from NK cell depleted 

immunized mice produced significantly lower levels ofiFN-y and IL-4. Notably, LRN 

cells from NK cell depleted immunized mice produced significantly higher levels ofiFN

y in response to mycoplasma Ag stimulation than cells from immunized mice that were 

not given anti-asialo GM 1 Ab. Conversely, the cells from NK cell depleted immunized 

mice produced significantly lower levels ofiL-4 than their immunized counterparts. 

These results indicate that the presence ofNK cells during the generation of protective 

immunity, due to nasal-pulmonary immunization, modulates immune responses in lungs 
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and LRN. In particular, NK cells skewed the mycoplasma-specific T cell cytokine 

responses in the draining lymph nodes to higher IL-4 and lower IFN-y. 

FIGURE 5. Lung-draining lymph nodes ofNK cell depleted immunized (NK cell 

depleted) mice have higher IFN-y and lower IL-4 levels as compared to immunized 

mice (immunized alone) with intact numbers of NK cells. Mononuclear lymphocytes 

for the LRN and lungs were isolated on day 14, following the NK cell depletions and 

immunizations and cultured in vitro in the absence (white bars) and presence (black bars) 

of mycoplasma antigen. Supernatants were collected 4 days later, and the levels ofiFN-y 

and IL-4 were determined using a capture ELISA. Cell from unimmunized mice, whether 

NK cell depleted or not, did not respond to in vitro Ag stimulation (data not shown). 

Detection was done in pooled samples from n=7 mice/group and data represents 2 

separate experiments. w*" denotes significant difference (p ~ 0.05) from PBS inoculated 

mice and "•" denotes significant difference (p ~ 0.05) from immunized mice. 
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Both T and non-T lymphocytes contribute to the increased resistance to 

mycoplasma infection in NK cell depleted and immunized mice 

To identify the lymphoid cells involved in the improved protection against 

mycoplasma infection in the NK cell depleted immunized mice, pulmonary lymphocytes 

were isolated from untreated and anti-asialo GMt Ab treated mice 7 days after the second 

immunization, and these cells were adoptively transferred into naive mice via tail-vein 

injections. The mice were infected with mycoplasma a day after the adoptive transfer, 

and the mycoplasma numbers in the lungs and nasal washes were enumerated 14 days 

post-infection. 

Adoptive transfer oftotallung lymphocytes isolated from NK cell depleted 

immunized mice into na"ive mice led to a significant reduction (p ~ 0.05) in the 

mycoplasma CFU numbers in the lungs as compared to mice that received lymphocytes 

from the control mice as well as from immunized mice. The mice that received 

pulmonary lymphocytes from NK cell depleted immunized mice had almost a 31og 

reduction in mycoplasma CFU numbers in the lungs as compared to the controls, whereas 

the adoptive transfer of lymphocytes from immunized, but antibody untreated, mice 

resulted in only about a 1 log reduction in mycoplasma numbers in lungs (Fig. 6). 

Although immunization conferred resistance, there was no significant effect ofNK cell 

depletion at later time points in nasal passages. Thus, these results demonstrate that the 

increased protection in lungs rendered in the NK cell depleted immunized mice can be 

adoptively transferred using pulmonary lymphocytes. 
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FIGURE 6. Total lung lymphocytes from NK cell depleted immunized mice are 

capable of rendering increased protection upon being adoptively transferred in 

recipient mice. On day 14, following the NK cell depletions and immunizations, total 

lung lymphocytes were isolated from all groups of mice and adoptively transferred into 

wild-type naYve mice via tail-vein injections. The recipient mice were challenged with M 

pulmonis one day later. Lungs and nasal washes were obtained 14 days after infection. 

Vertical bars and error bars represent mean x/+ SE (n=8). "*" denotes significant 

difference (p ~ 0.05) from PBS inoculated mice and "+" denotes significant difference (p 

~ 0.05) from immunized mice. 
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To detennine whether T cells, non-T cells, or both contribute to the increased 

protection resulting from immunization in the absence ofNK cells, pulmonary T and 

non-T cells were purified by paramagnetic bead selection from immunized and NK cell 

depleted immunized mice and were adoptively transferred to na"ive mice, which were 

subsequently infected, as described above. The results show that adoptive transfer of 

purified pulmonary T lymphocytes from NK cell depleted immunized mice led to a 

significantly (p ~ 0.05) lower numbers of mycoplasma (I log) recovered from the lungs 

of recipient mice as compared to those that received T lymphocytes from immunized 

mice (Fig. 7). Non-T lymphocytes from the lungs ofNK cell depleted and immunized 

mice also showed improved protection in the recipient mice (0.6 log lower CFU). Thus, 

both T and non-T lymphocyte (greater than 90% B cells) populations contributed to the 

increased protection against mycoplasma infection in NK cell depleted immunized mice. 
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FIGURE 7. Both T and non-T pulmonary lymphocytes contribute to the increased 

resistance to mycoplasma infection in the NK cell depleted immunized mice. On day 

14, following the NK cell depletions and immunizations, T and non-T cells from lungs 

were isolated from immunized and NK cell depleted immunized mice and adoptively 

transferred into wild-type narve mice. The recipient mice were challenged with M 

pulmonis, a day later. 14 days later, mycoplasma numbers in lungs and nasal washes were 

determined. Vertical bars and error bars represent mean x/7 SE (n=7). "*" denotes 

significant difference (p ~ 0.05) from purified lung lymphocytes transferred from 

immunized mice, "•" denotes significant difference (p ~ 0.05) between immunized mice 

and "•" denotes significant difference (p ~ 0.05) between NK cell depleted immunized 

mice. 
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CD4+ T lymphocytes from the NK cell depleted immunized mice contribute to 

protection against mycoplasma respiratory infection 

To determine whether CD4+ T alone can mediate resistance to infection, 

pulmonary CD4+ T cells were fluorescent cell-sorted from immunized mice and NK cell 

depleted immunized mice 7 days after the second immunization. Purified CD4+ T cells 

from each ofthe groups of mice were adoptively transferred, via tail-vein injections, into 

nai"ve mice. A group of nai"ve mice receiving PBS via tail-vein injection served as control. 

All the recipient mice were infected with M pu/monis one day after the adoptive 

transfers. Fourteen days after the infection, the numbers of mycoplasma in the lungs and 

nasal passages were determined. 

CD4+ T cells from either group of immunized mice promote resistance to 

mycoplasma infection from both lungs and nasal passages, as compared to control mice 

(Fig. 8). Adoptive transfer ofCD4+ T cells from NK cell depleted immunized mice 

resulted in about a 1 log decrease in the numbers of mycoplasma recovered from' lungs of 

infected mice (p S 0.05). In the nasal passages, there was a lower, but not statistically, 

significant reduction in the numbers of mycoplasmas found. Thus, pulmonary CD4+ T 

cells directly contributed to protection against mycoplasma infection, and the results 

indicate that CD4+ T cells, primed in an NK cell deficient environment, were most 

effective. 
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FIGURE 8. CD4+ T cells from the NK cell depleted immunized mice mediate 

protection against mycoplasma respiratory infection. On day 14, following the NK 

cell depletions and immunizations, CD4+ T lymphocytes from lungs of immunized (white 

bar) and NK cell depleted immunized mice (black bar) were obtained and adoptively 

transferred into wild type narve mice. The recipient mice were challenged with M 

pulmonis one day later. Control mice (hatched bar) were included that were not given 

cells but infected. 14 days later, mycoplasma numbers in lungs and nasal washes were 

determined. Vertical bars and error bars represent mean x/+ SE (n=5). "*" denotes 

significant difference (p S: 0.05) from PBS inoculated mice (mice not given adoptive 

transfers) and "•" denotes significant difference (p S: 0.05) from immunized mice. 
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Discussion 

The lack of efficient vaccines against mycoplasma infection necessitates 

understanding ofthe regulatory mechanisms affecting the adaptive immune responses, 

thereby aiding in the development of optimal approaches for vaccination. Adverse 

immunopathologic reactions, characterized by pulmonary airway inflammation [9, 104, 

1 05], after intranasal immunization are a major concern in the development of effective 

vaccines against mycoplasma respiratory diseases. Yet, the immune mechanisms 

involved are not fully understood. The purpose of the present study was to detennine the 

contribution ofNK cells in the generation of protective adaptive immunity against 

mycoplasma infection upon nasal-pulmonary immunization. Although NK cells are the 

primary effector cells of the innate immune system (119], they also are able to influence 

the adaptive immune responses [31, 35-37, 120-122]. Previous studies in our lab [99] 

demonstrate that the pulmonary NK cells can suppress innate immune responses 

generated against mycoplasma respiratory infection; however, the contribution ofNK 

cells in development of adaptive immune responses against any mycoplasma had not 

been examined. Similar to what we found in innate immunity [99], we hypothesized that 

NK cells would modulate, and perhaps play a detrimental role, in the generating 

mycoplasma-specific adaptive immune responses that resist infection. 

The depletion ofNK cells prior to mycoplasma-specific immunizations indeed led 

to a significantly better clearance of mycoplasma both from the upper and lower 

respiratory tracts as early as 3 days post-mycoplasma infection. In the lungs, the NK cell 
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depleted immunized mice had almost 2 log lower numbers of mycoplasma as compared 

to the immunized mice at day 14 after infection. In the nasal passages however, the effect 

ofNK cells was not as pronounced, particularly on days 7 and 14 when there were no 

significant differences between the two immunized groups. This difference in immune 

responses between the upper and lower respiratory tract is consistent with previous 

studies [9, 104]. We were unable to detect an effect on any other innate cell population 

due to administration of anti-asialo GM 1 Ab, which is widely used to deplete the 

functional and phenotypic NK cell activity in vivo [123, 124]. In support, almost all the 

asialo GM 1 + cells were found to be DX5+ cells (a NK cell marker). Importantly, NK cell 

numbers, both in the lungs and spleens of the mice given anti-asialo GMI Ab, were 

restored to normal levels at the time of infection with viable mycoplasma. This indicates 

that the critical role ofNK cells in modulating the adaptive responses to mycoplasma is 

limited only to the immunization phase, as the presence ofNK cells during the 

respiratory infection did not impact the outcome of the disease. Thus, the presence ofNK 

cells during the development of adaptive immune responses against mycoplasma' is most 

likely responsible for the less than optimal resistance to the organism in both the upper 

and lower respiratory tracts. 

The effect ofNK cells on the generation of resistance to infection was dependent on 

lymphoid cells. It is possible that inoculation of mycoplasma Ag activated innate immune 

responses, resulting in resistance to infection independent of lymphocyte responses. 

However, nasal pulmonary inoculation ofSCID mice with mycoplasma Ag, irrespective 

ofNK cell depletion, did not affect resistance to mycoplasma, indicating that NK cells 
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indeed impaired the generation of mycoplasma-specific resistance through their effects 

on adaptive immune responses. This was further supported by the elimination of 

resistance when CD4+ T cells were depleted in immunocompetent mice during 

immunization, whether NK cells were present or not. Interestingly, depletion of CD8+ T 

cells did not have a major effect on generation of resistance. Literature indicates [32] that 

the early appearance ofNK cells at the site of immunization implicates their critical role 

in the development of adaptive immunity. Also, activated NK and T cells have been 

demonstrated to interact in the secondary lymphoid organs and NK cells can either kill or 

down regulate activated CD4+ T cells [33, 125-127]. Although we did see an increase in 

the numbers of lymphocytes in lungs after immunization (data not shown), the presence 

ofNK cells did not have a significant effect on this change. In addition, mycoplasma-

specific serum Ab titers were also not affected. However, there were differences in 

cytokine responses after mycoplasma Ag stimulation of lung and LRN cells. Although 

depletion ofNK cells resulted in lower IFN-y and IL-4 responses from pulmonary 

' lymphocytes, the apparent shift in the responses by LRN cells is most intriguing. When 

NK cells were depleted, mycoplasma-specific IFN-y responses increased while IL-4 

decreased, which is consistent with a shift toward a more Th I dominant response in the 

absence ofNK cells. These results are different than those found in studies investigating 

a role ofNK cells in modulating immunity in ovalbumin-induced airway hypersensitivity 

[128], but the differences in Ag and immunization protocols most likely accounts for 

contrasting results. Notably, mycoplasma-specific Th I cell responses were previously 

postulated to be immunoprotective whereas Th2 cell responses to be immunopathologic 
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[110]. In fact, recent studies in our lab demonstrated that IFN-y"1
- mice generated a 

dominant Th2 and intense chemokine responses, along with developing more severe 

respiratory disease and infection and are unable to mount an effective adaptive immune 

response after nasal-pulmonary immunization with mycoplasma Ag (S. Bodhankar, X. 

Sun, M. Woolard, and J. Simecka; manuscript in preparation) [100]. In contrast, the IL-4-

/- mice generated a dominant Th 1 response and were more resistant to mycoplasma 

disease and infection, and they are extremely resistant to infection as a result of 

immunization. The shift toward a more dominant IFN-y response in LRN after depletion 

of NK cells corresponds with our studies suggesting that Th 1 -tyPe responses are more 

effective in resisting mycoplasma infection. However, the reduction in both IL-4 and 

IFN-y responses, rather than a shift in the type of responses, in lungs indicate that the 

effect ofNK cells is likely more complex with perhaps regulatory and effector activities 

resulting from different cell types and/or tissue sites. In any case, NK cells dampened the 

generation of adaptive immune responses that confer resistance to mycoplasma infection, 

and this effect coincided with the ability ofNK cells to modulate the type of immune 

responses generated in respiratory tissues after immunization. 

NK cells modulate both T and B cell populations responsible for resistance to 

mycoplasma infection. Adoptive transfer of pulmonary lymphocytes from immunized 

mice resulted in resistance to mycoplasma infection, and cells from immunized mice 

depleted ofNK cells were more effective in rendering resistance. This pattern of 

resistance occurred using either purified T cells or non-T cells, which were 

predominately B cells. These data clearly demonstrate that resistance to infection can be 
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mediated through multiple cell types with either immune B or T cells having the capacity 

to provide protection against infection. Furthermore, NK cells dampened the generation 

of the capabilities of each of these cell types to respond optimally against mycoplasma 

infection. Mycoplasma-specific serum antibody titers and experiments using passive 

immunization with serum (data not shown) from immunized mice did not demonstrate an 

effect ofNK cells on systemic B cell responses. This may indicate that local antibody 

responses may be more affected by NK cell activity, and in support, preliminary studies 

do indicate that mycoplasma-specific IgA responses in lungs and LRN, as measured by 

ELI SPOT assays, are about 50% higher in immunized mice that were NK cell depleted. 

Consistent with our results using adoptive transfer ofT cells, NK cells modulated the 

mycoplasma-specific T cell cytokine responses in both lungs and LRN, as discussed 

above. Furthennore, the adoptive transfer of pulmonary CD4+ T cells alone from 

immunized mice also promoted resistance to infection, and immune CD4+ T cells derived 

from lungs ofNK cell depleted mice were significantly better in doing this. Thus, these 

data suggest that NK cells can shape the responses of multiple lymphocyte populations 

capable of mediating resistance to mycoplasma infection. Further studies are however 

needed to detennine whether NK cells act on these cells, but previous studies [31, 34] 

demonstrate NK cells, in some cases, can directly influence maturation of dendritic cells 

or Th cell responses which could impact both B and T cell responses. 

In summary, NK cells can impair the success of nasal-pulmonary immunization 

against mycoplasma infection. Mycoplasmas cause persistent infections characterized by 

chronic inflammatory lesions. Development of mycoplasma vaccines are problematic, 
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often exhibiting only variable success and in some cases, more severe 

immunoreactivity [129]. To our knowledge, this is the first study to examine the critical 

role played by the NK cells during the development of protective adaptive immunity in a 

mycoplasma infection. Significantly, local immunization of the respiratory tract is most 

effective in protecting against mycoplasma infection [9], and the recognition that an 

innate cell population, the NK cell, can modulate resistance mediated by T and B cells 

provides insight to mechanisms through which vaccine approaches can be optimized. 

Furthennore, previous work from our lab [ 11 0] demonstrates CD4+ Th cells contribute to 

disease pathology in the lungs of mycoplasma infected mice. However in the current 

study, for the first time, we show that purified pulmonary CD4+ T cells alone from 

immunized mice can confer resistance to mycoplasma infection. These results support 

our earlier hypothesis that different Th cells populations are involved in detennining the 

balance between beneficial (protective) and detrimental (immunopathologic) host 

responses resulting from mycoplasma infection [ 130, 131 ]. The current studies suggest 
' 

that NK cells are one of the factors that influence this balance, and that optimal 

approaches for vaccination may require minimizing the impact ofNK cells on Th cell 

responses during the generation protective adaptive immunity. 
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CHAPTER III 

Work in the previous chapter clearly showed that the depletion ofNK cells prior 

to nasal-pulmonary immunization enhanced resistance to mycoplasma respiratory 

infection. NK cells had their detrimental impact on the cells of the adaptive immunity as 

immunization ofSCID mice did not demonstrate an increased resistance in the presence 

or the absence ofNK cells. The protection rendered in the NK depleted immunized mice 

was lymphoid cell-mediated. More importantly, increased resistance in immunized mice 

was observed only when NK cells were absent during the generation of mycoplasma

specific adaptive immune responses and the presence ofNK cells during the infection did 

out alter the resistance to mycoplasma infection. The protection could also be adoptively 

transferred via total lung lymphocytes isolated into na"ive mice as transfer of lymphocytes 

from immunized mice led to a significant reduction in the mycoplasma numbers in lungs, 

and the resistance was greater if cells were obtained from immunized mice which were 

depleted ofNK cells. Similar results were obtained if purified B cells, T cells or CD4+ T 

cells were used. Interestingly, this is the first time that a favorable role of functional 

CD4+ T ce11s in mediating protection in mycoplasma respiratory disease was 

demonstrated. Thus, NK cells influenced the responses of multiple lymphocyte 

populations capable of mediating resistance to mycoplasma infection. This work is 

important as it demonstrates the critical role of an innate cell population in regulating the 

adaptive immune responses generated against mycoplasma. 
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The presence ofNK cells during the development of adaptive immunity resulted 

in the skewing of cytokine environments in the lower respiratory tract. The T cell 

mycoplasma-specific responses in the presence ofNK cells resulted in pronounced IL-4 

production while their absence resulted in the production of higher levels of IFN-y. The 

pulmonary T cell responses also differ in mycoplasma-specific IFN-y and IL-4 cytokines 

in the immunized and the immunized mice depleted ofNK cells. IFN-y and IL-4 are the 

key cytokines regulating the Th I or Th2-type cell-mediated immune responses. This 

work thus brings forth several new questions. The significant one is the mechanism with 

which IFN-y impacts the generation of protective adaptive immunity against mycoplasma 

respiratory disease. My hypothesis for the next set of studies was that Th 1-type responses 

contribute to the resistance, upon immunization against mycoplasma, while Th2-type 

responses generated would be immunopathologic. The fine balance between these 

responses will determine the course of the mycoplasma infection. For the followi,ng 

studies we utilized IFN-y"1
" and IL-4·'· mice to determine the influence ofthese cytokines 

during the generation of adaptive immunity. The next chapter examines the influence of 

the loss of a single cytokine on the development of adaptive immunity against 

mycoplasma respiratory disease. 
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CHAPTER IV 

IFN-y and IL-4 have opposing effects on immunopathology and development of 

protective adaptive immunity against mycoplasma respiratory disease 

The purpose of the present study was to determine the impact of the polarizing 

cytokines, IFN-y and IL-4, on the cytokine responses after infection and their 

contribution to the development of protective adaptive immunity in response to nasal

pulmonary immunization against mycoplasma. The deficiency in either cytokine, 

particularly IL-4, results in a shift in the expression of a number of cytokine and 

chemokine genes in the lungs of narve mice, and this change in the normal cytokine 

network potentially could contribute to differences in subsequent responses to 

mycoplasma infection or immunization. Disruption ofiFN-y not only resulted in higher 

numbers of mycoplasma and more severe mycoplasma disease but also altered the 

cytokine and chemokine responses in the lungs to mycoplasma infection. Pulmonary 

immune responses in mycoplasma infected IFN-·('- mice were consistent with an 

enhanced Th2-type i.e.IL-5 response, while the responses in IL-4_,_ mice were not. 

Immunization of IFN-y-1
- mice exacerbated, rather than reduced, mycoplasma disease and 

infection, whereas immunization of IL-4_,_ mice significantly enhanced protection along 

the respiratory tract, particularly in the lungs. The immunized IFN-y-'- mice produced 
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higher levels ofthe IL-5 and IL-17, as well as IL-4, than immunized IL-4_,_ mice, while 

IL-4_,_ mice produced higher levels IFN-y. These data are consistent with preferential 

increases in mycoplasma-specific Th2 and Th 17-type responses in the lungs of 

immunized IFN-i'- mice and Th I type responses in the lungs of immunized IL-4_,_ mice. 

Interestingly, this is the first time that a critical role played by IL-4 in the generation of 

adaptive immunity was demonstrated. Thus, presence of IFN-y during the chronic 

mycoplasma infection or even during the generation of protective adaptive immunity is 

very critical as it prevents the generation of intense pro-inflammatory reactions and also 

promotes protective Th 1-type immune reactions. The presence of IL-4 dampens the 

generation of protective adaptive immunity. 
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Introduction 

Mycoplasma infections are a leading cause of respiratory diseases in humans and 

animals worldwide. Mycoplasma respiratory diseases have a major economic impact in 

livestock, such as cattle, pigs and goats [4]. In humans, Mycoplasmapneumoniae is a 

major cause of respiratory disease, accounting for 8 to 15 million cases of pneumonia 

every year in the United States alone [87]. It is the second leading cause of 

tracheobronchitis in children and is also associated with the exacerbation of asthma in 

humans [89, 90]. Mycoplasma pulmonis causes a naturally occurring respiratory disease 

in mice and rats with high morbidity and low mortality [92, I 08]. M pulmonis causes 

rhinitis, otitis media, laryngotracheitis and bronchopneumonia in mice, similar to that 

caused by M pneumoniae in humans and mycoplasma infections in other animals. M 

pulmonis serves as an excellent animal model for mycoplasma respiratory diseases, 

including M pneumoniae infection in humans, allowing the study of host immune 

responses to these infections. In terms of histopathology, these diseases are characterized 

\ 

by the accumulation of mononuclear cells, macrophages and lymphocytes along the 

respiratory airways [2, I 09, 132]. This infiltration suggests that the activation and 

recruitment ofmacrophages and lymphocytes is critical in the development ofboth acute 

and chronic states of the disease. In fact, several studies demonstrate that immune 

responses cannot only protect from disease, but they can contribute to the pathology [I 0-

12]. The participation of immune responses in lesion development has complicated the 

development of mycoplasma vaccines. Thus, it is critical to understand the regulatory 

mechanisms affecting immune responses that contribute to resistance and 
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immunopathology against mycoplasma respiratory diseases to develop optimal 

approaches for vaccination. 

T cell responses are involved in determining the outcome of mycoplasma 

respiratory infection. The contribution ofT cell responses to the severity inflammatory 

lesions is supported by studies using SCIO mice, T-cell deficient mice and hamsters [10-

12]. Furthermore, depletion ofT helper cells (Th) results in less severe lung diseases, 

demonstrating that Th cell responses can contribute to disease pathology in the lung [97]. 

To the contrary, COS+ T cells dampen the severity of mycoplasma pulmonary disease. 

Although lymphoid cell responses can contribute to lesion severity, immune responses 

along the respiratory tract can also confer resistance to mycoplasma infection [9, 111]. 

Local (nasal-pulmonary) immunization is more effective than systemic routes of 

immunization against mycoplasma infection [9]. A recent study from our lab 

demonstrates that C04+ Th cells, but not COS+ T cells, contribute to the resistance to 

mycoplasma infection in immunized mice (Bodhankar, Woolard, Simecka, Unpublished 
\ 

Manuscript). Thus, Th cell responses can clearly contribute to both resistance to 

mycoplasma infection and the development of inflammatory lesions associated with the 

disease. 

The activation of different Th cell populations and the regulation of these responses 

are likely critical to the outcome of mycoplasma disease. Two functionally distinct 

populations ofTh cells are Thl and Th2 cell subsets [S1]. Thl cells are primarily 

involved in cell-mediated immunity, while humoral immunity is supported by Th2 cell 
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activity. Although the role of Th cell subsets is not known for mycoplasma diseases, Th 1 

and Th2 cells can determine the outcome of infections and other diseases [67, 133-142]. 

For example, one of the best-studied models of infectious disease demonstrating 

contrasting roles of Th 1 and Th2 cells is murine cutaneous leishmaniasis. Th 1 cells 

promote resistance to or healing from Leishmania major disease, but Th2 cell responses 

result in more severe disease, offering little resistance to infection [141, 142]. The 

functional differences in these Th cell subsets are in a large part mediated by the 

cytokines secreted. Th 1 cells produce IL-2 and IFN-y while Th2 cells produce IL-4, IL-5, 

IL-10 and IL-13. Although little is known about the role ofTh cell subset responses in 

mycoplasma disease, our previous study [143] demonstrated that both Th1- and Th2-type 

responses were present in the lungs of mycoplasma-infected mice. However, IFN-y and 

IL-4 are mediators in controlling the Th 1 flll2 bias in a given immunologic environment. 

Our previous studies [I 00), in which IFN-y"'- and IL-4_,_ mice were used, demonstrate 

that IFN-y·'- mice generate more severe disease than normal mice after mycoplasma 

infection, and these differences were linked predominantly to IFN-y's role in innate 

immunity [99). In contrast, IL-4"1
" mice did not develop more severe disease [1 00]. A 

trend towards lower numbers of mycoplasma in the lungs ofiL-4"1
" mice by day 14 was 

observed, which corresponds with time points associated with the development of 

adaptive immunity. Based on these data, IL-4 likely promotes Th2-type responses during 

mycoplasma infection that contribute to the pathogenesis of inflammatory lesions rather 

than resistance, whereas IFN-y fosters Th 1 responses that reduces disease severity and 

promotes resistance to mycoplasma infection. However, further work is needed. 
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The purpose of the present study was to determine the impact of the polarizing 

cytokines, IFN-y and IL-4, on the cytokine responses after infection and their 

contribution to the development of protective adaptive immunity in response to nasal

pulmonary immunization against mycoplasma. For these studies, we took advantage of 

the availability ofiFN-y"'· and IL-4_,_ mice to determine the influence of these cytokines 

on the generation of adaptive immunity after infection and immunization. Initially, the 

mRNA expression of cytokines, chemokines and their receptors, produced in naive and 

mycoplasma infected wild-type and cytokine deficient mice, were monitored using a 

eDNA microarray. IFN-y"'· mice, post mycoplasma infection, had a Th2-type lung 

environment accompanied by an increased expression of chemokine genes, which 

mediate inflammatory processes. Whereas the mycoplasma infected IL4·'· mice had a 

Th 1-type immune response with a transcriptional down-regulation of the inflammation

inducing chemokines and their receptors. These results were further confirmed by real

time PCR assay. Furthermore, prior immunization of the IFN-y _,_mice led to an 

exacerbated disease and an inefficient clearance of mycoplasma from both the upper and 

lower respiratory tracts. The immunized IL-4_,_ mice on the other hand were far better 

protected, exhibiting less disease severity and an enhanced ability to clear the 

mycoplasma. Thus, the loss of a single cytokine impacts a whole array of chemokines 

and other cytokines that can determine the course of the mycoplasma infection. These 

results also indicate that IFN-y is a key cytokine influencing the generation of protective 

adaptive immunity against mycoplasma infections, whereas IL-4 interferes with the 
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development of optimal immunization and contributes to the generation of inflammatory 

lesions. 

Materials and Methods 

Mice 

Virus- and mycoplasma-free BALB/cJ, IFN-'(1
- (C.129S7 (B6)-IFN.-ytmtTs on 

BALB/c background) and IL-4_,_ (BALB/c-IL-4tn2Nnt) mice, both on a BALB/c 

background, were obtained from The Jackson Laboratory (Bar Harbor, ME). Mice were 

housed in sterile microisolator cages supplied with sterile bedding, and sterile food and 

water were given ad libitum. Mice used in the study were between 8 and 12 wk of age. 

Female mice were used in all studies. Before experimental immunization and infection, 

mice were anesthetized with an intraperitoneal injection of diluted ketamine-xylazine. 

Mycoplasma 

The UAB CT strain of M pulmonis was used in all experiments. Stock cultures 

were grown as previously described [113] in mycoplasma PPLO medium (Acumedia, 

Lansing, MI) and frozen in I ml aliquots at -80°C. For inoculation, thawed aliquots were 

diluted to 2 x I 05 CFU/20 J.Ll. Nasal-pulmonary inoculations of20 J.LI of diluted 

mycoplasma were used for experimental infections. 

72 



RNA isolation 

Total lung RNA was isolated using the TRizol RNA isolation reagent as 

recommended by the manufacturer (Invitrogen/Life Technologies, Carlsbad, CA), with 

modification. Briefly, entire lung tissues of each mouse were homogenized in 6 ml of 

TRizol reagent, and aliquoted in smaller volumes and stored at -80°C until the RNA 

isolation. During RNA isolation, a 400 J.Ll portion of chloroform was mixed thoroughly 

with I ml ofthe aliquoted sample, and the samples were centrifuged to obtain the RNA

containing aqueous phase. To increase the quality of RNA for subsequent production of 

labeled eDNA probes, the aqueous phase was mixed with 500 J.LI ofTRizol and 400 J.LI of 

chloroform again, and the second aqueous phase was extracted by addition of 500 J.LI of 

chloroform to exclude phenol. Total RNA was precipitated from aqueous phase by using 

isopropyl alcohol (isopropyl alcohol:aqueous phase ratio was > 0.7:1). The RNA was 

pelleted by centrifugation and washed with 75% ethanol, air dried for 20 to 30 min, and 

dissolved in diethyl pyrocarbonate-treated water. The concentration of RNA was first 

determined spectrophotometrically (GeneQuant II; Amersham Pharmacia Biotech, 

Piscataway, NJ), and the quality ofthe RNA was assessed on Experion Automated 

Electrophoresis System (Bio-Rad, Hercules, CA) using Stdsens total Eukaryotic RNA 

Labchips to verify the integrity of the ISS and 28S rRNA before proceeding with the 

labeling for the microarray. 
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Microarrays 

Oligo GEArra/' Mouse Inflammatory Cytokines and Receptors Microarrays 

(Super Array Bioscience Corp., Frederick, MD) were used to evaluate the mRNA 

expression of 113 key genes involved in the inflammatory response. The array contained 

genes involved in mediating immune cascade reactions during inflammation. The 

chemokines, interleukins, and TNF ligands as well as their receptors are represented on 

each ofthe array. In brief, biotin-eDNA probe was prepared from 3 J.lg oftotallung RNA 

(pooled from three or four animals in an experiment) by the AmphoLabeling-LPR kit 

(Super Array Bioscience Corp.). The annealed RNAs were converted to cDNAs that were 

amplified by linear polymerase reaction. Biotin-16-2'-deoxy-uridine-5'-triphosphate 

(Biotin-16-dUTP; Roche Diagnostics GmbH and Molecular Biochemicals, Mannheim, 

Gennany) was incorporated into the probes during the linear polymerase reaction. The 

array membrane was prehybridized for 2 h at 60°C in GEAhyb hybridization solution 

with 150 J.lg/ml of denatured sheared salmon spenn DNA (Sigma Chemical Co., St. 
\ 

Louis, MO). The denatured eDNA probe was hybridized with specific genes on the 

membranes at 60°C for more than 24 h. After washing and blocking, membranes were 

incubated for I 0 min at room temperature in alkaline phosphatase-conjugated streptavidin 

at I :7,500 dilution in washing buffer. The signals were developed in COP-Star 

chemiluminescent substrate for 3 min, and images were recorded by using a charge-

coupled device camera (FluorChem 8900 imaging system, Alpha lnnotech, , San 

Leandro, CA) at high resolution and low sensitivity. The image capturing time was set for 

half, equal, double, or triple the previewed time in order to obtain different levels of 
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signal. The ratios of integrated density value between M pu/monis-infected mice and 

relative broth control mice were analyzed by using GEArrayAnalyzer software 

(SuperArray Bioscience Corp.), in which the results were normalized to GAPDH gene 

expression. 

Real-time RT-PCR 

Total RNA (1 J.Lg per 10-J.Ll reaction system) from individua11ung and nasal samples 

was reverse transcribed by using Moloney murine leukemia virus reverse transcriptase 

(Promega, Madison, WI) at 42°C for 60 min in the presence of 5X reaction buffer {250 

mM Tris-HCl (pH 8.0) at 25°C, 375 mM KCl, 15 mM MgCh, 50 mM dithiothreitol 

(Promega)}, 500 J.LM deoxynucleoside triphosphate (dATP, dTTP, dCTP, and dGTP; 

Promega), 25 U of Moloney murine leukemia virus reverse transcriptase, 8 to I 0 U of 

RNAguard RNase inhibitor (Amersham Pharmacia Biotech), and I J.LM oligo (dT)16 

primer as described in [98]. 

After eDNA synthesis, real-time RT-PCR was performed using SYBR green and 

FRET probe to detect amplification of products. For SYBR green, selected target gene 

primer sets, GAPDH, CCL4, CCLS, CCR5, CCL6, CCL22, CXCLIO, CXCR3, ILI7a, 

and TGF-PI, and real-time SYBR master mix were purchased (SuperArray Bioscience 

Corp.). PCRs were performed in 25 J.LI SmartCycler tubes (Cepheid, Sunnyvale, CA), and 

the real~time PCR products were amplified by using a SmartCycler system (Cepheid) as 

described in [98]. The amplification condition was 95.0°C for 15 min, followed by 50 

cycles of95.0°C for ISs, 55.0°C for 30 sand 70.0°C for 30 s. The FRET probe and 
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primer set for IL-10 was purchased from Biosource, Inc. (Camarillo, CA). The 

amplification condition using FRET probe and primer sets was 95.0°C for I 0 min, 

followed by 50 cycles of95.0°C for 15 sand 60.0°C for 60s. The threshold of the 

amplification curve (Cr) was set at a value of35 by the SmartCycler software. The 

changes of gene expression levels were evaluated by relative quantification between 

eDNA templates from M pulmonis-infected mice and broth-inoculated control mice. The 

expression of the housekeeping gene, GAPDH, was used to normalize the data between 

samples. The formula for the difference (L\Cr) between the amplified cytokine gene and 

the normalizer (GAPDH) is L\Cr = Cr(cytokine)- L\Cr (GAPDH). The value of eDNA 

amplification from broth control was considered as reference for baseline levels of 

cytokine mRNA. The comparative MCrvalue between M pulmonis and broth control 

mice was calculated by the following formula: !l.L\Cr= L1Cr(mycoplasma infection)

!l.Cr (control). The formula for calculation of absolute comparative expression level was 

r~~cr which showed the fold difference of cytokine mRNA between the infection group 

and the broth control group. 

Preparation of M. pulmonis antigen 

Crude preparations of M pulmonis membrane were used for immunization and in 

vitro stimulation and prepared as previously described [96]. Briefly, M pulmonis was 

cultured at 37°C in mycoplasma broth medium and harvested at pH 7. Cells were then 

centrifuged at 10,000 rpm for 20 min, and pellets were resuspended in 5 ml sterile 0.25 M 

NaCl. Following a second centrifugation at 9,000 rpm for 20 min, pellets were 
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resuspended in a total of 4 ml 2M glycerol at 3 7°C. Cells were then sonicated at the 

highest setting for 15 seconds using Vibra cell sonicator (Sonics & MaterialsNibrio Cell, 

Newtown, CT), followed by incubation at 37°C for 10 min. For cell lysis, 0.5 ml of the 

cell preparations was then forced through a 27-gauge needle into 25-ml aliquots of 

distilled water. To remove unlysed organisms, cells were centrifuged at I 0,000 rpm for 

20 min. Supernatants were again centrifuged at 20,000 rpm for I h. Membranes were 

resuspended in 5 ml sterile PBS (HyCione Laboratories, Logan, UT) and stored at 80°C. 

All centrifugations were done at 4°C. Protein concentration was determined using 

Bradford protein assay (Bio-Rad). 

Lymphocyte isolation 

Mononuclear cells were isolated from lungs, as previously described [ 144-146]. 

Briefly, lungs were perfused with PBS without magnesium or calcium to minimize 

contamination of the final lung cell population with those from the blood. The lungs were 

finely minced. The tissues were suspended in RPMI 1640 medium (HyCione 

Laboratories) containing 300 U/ml Clostridium histo/yticum type I collagenase 

(Worthington Biochemical, Freehold, NJ), 50U/ml DNase (Sigma-Aldrich, St. Louis, 

MO), I 0% FBS (HyClone Laboratories), HEPES (Fisher Scientific, Pittsburgh, PA), and 

antibiotic/antimycotic solution (Life Technologies, Grand Island, NY). The tissues were 

incubated at 37°C while mixing on a Nutator (Fisher Scientific) for 90-120 min. During 

the incubation period, the tissues were vigorously pipetted every 30 min. After 

incubation, the digestion mixture was passed through a 250-J.Lm nylon mesh to remove 
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undigested tissue. Mononuclear cells were purified from cell suspension by density 

gradient centrifugation using Lympholyte M (Accurate Chemicals, Westbury, NY). 

Spleen cells were isolated after centrifugation of all suspensions, followed by red 

cell removal using ammonium chloride potassium lysis buffer, as previously described 

[147]. 

Ag-specific in vitro stimulation of mononuclear cells 

Pulmonary and splenic lymphoid cells, isolated from infected or immunized wild

type, IFN-y"1
- and IL-4_,_ mice, at day 14 post-immunization, were cultured in 96-well 

round-bottom microtiter plates in RPMI 1640 (HyClone Laboratories) supplemented with 

5% FBS (HyClone Laboratories), HEPES, antibiotic/antimycotic solution (Life 

Technologies), and 50 J.I.M 2-mercaptoethanol (Life Technologies). Lymphoid cells were 

cultured at 37°C and 5% C02. Cells were stimulated with or without 5 J.lg/mL 

mycoplasma Ag in a final volume of 200 J.I.Uwell of culture medium at a cell 

concentration of2 x I 06 cells/mi. Supernatants were collected 4 days later and stored at-

80°C until assayed for cytokine levels. 

Cytokine assays 

Levels of IL-4, IL-5, IL-13, IL-17 and IFN-y were measured with a Bio-Plex 

cytokine panel (Bio-Rad). Microliter 96-well filter bottom plates were used. To each 

well, 50 J.ll of anti-cytokine beads in assay diluent was added. After each step, plates were 

washed with Bio-Plex washing buffer. A 50 J.ll of sample or standard were added per 
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well. Plates were incubated at room temperature while being shaken in the dark for 30 

min. 25 J.ll ofbiotinylated secondary antibodies were added to each well. Plates were 

incubated at room temperature while shaken in the dark for 30 min. 50 J.ll of streptavidin

PE were added to each well. Plates were incubated at room temperature, while being 

shaken in the dark for 30 min. Samples were read using a Bio-Plex I 00 system (Bio

Rad). Cytokine levels were determined by comparison with standard curves generated 

from murine recombinant cytokines and analyzed using Bio-Plex Manager software (Bio-

Rad). 

Immunization of mice 

Immunizations were done on days I and 7 with M pulmonis antigen (5 ).lg) in a 24 

J.ll volume, resulting in nasal-pulmonary deposition ofthe inoculum [9] . Control mice 

were inoculated with 24 J.ll sterile PBS (Hyclone). 

Assessment of gross lesions 

Lungs were removed, and each lobe was examined by two observers for the 

presence of gross lesions. The percentage of each lobe with gross lesions was recorded. 

The gross lesion scores were weighted using the percentage that each lobe contributes to 

the total lung weight, and the individual lung lobes scores were added to generate the 

gross lesion index for lungs [148]. 
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Determination of mycoplasma numbers 

The number of mycoplasma colony forming units (CFU) in the lungs and nasal 

passages were determined as previously described [149]. Briefly, lungs were placed in 1 

ml of mycoplasma broth medium and minced. The samples were sonicated (Vibra cell 

sonicator) for 1 minute at 50 amplitudes without pulsing. After sonication, serial dilutions 

(1: 1 0) were prepared, and 20 J.ll of each dilution was plated onto mycoplasma agar 

medium. After 7 days of incubation at 37°C, colonies were counted, and the CFU 

recovered from each tissue was calculated. 

Data analysis 

Changes in mRNA expression using the arrays were considered significant if there 

was at least an average two fold change with no individual value being :::; 1.5-fold. Real

time PCR data were evaluated by ANOV A, followed by Fisher protected least square 

differences multigroup comparison. These: analyses were performed using the StatView 

(SAS Institute, Cary, NC). When appropriate, data were logarithmically transformed 

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

after transformation of the data. A p value :::; 0.05 was considered statistically significant. 

If data were analyzed after logarithmic transformation, the antilog of the means and 

standard errors (SEs) of transformed data were used to present the data and are referred to 

as the geometric means (x/+ SE). All experiments were repeated at least twice. 
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Results 

Cytokine mRNA expression differs in the lungs of naive wild-type BALB/c and 

cytokine deficient mice 

IFN-y"1
" mice are unable to clear mycoplasma infection and are more susceptible to 

mycoplasma disease than either wild-type or IL-4_,_ mice [ 1 00]. Impaired innate immune 

responses are a major contributor to the increased susceptibility of IFN-{- mice to 

mycoplasma infection and subsequent increase disease severity. IL-4·'- mice had a lower 

number of mycoplasmas in the lungs, as compare to wild-type mice, after infection; 

however this was only a transient effect as the numbers recovered were equivalent at later 

time points. Nevertheless, IL-4, along with IFN-y, can have a significant impact on 

immune regulation [81 ], and a deficiency in either cytokine may result in a change in the 

expression of normal cytokine network in the lungs ofnai've mice and influence 

subsequent responses to infection. To examine this possibility, lungs were obtained from 
\ 

narve wild-type, IFN-i'- and IL-4"1
" mice inoculated with sterile mycoplasma broth 

medium. Microarrays were used to compare the mRNA expression of cytokines, 

chemokines and their receptors in the lungs ofthese mice. 

There was indeed a difference in the mRNA expression pattern of cytokines and 

chemokines in nai"ve pulmonary environments of the cytokine deficient mice as compared 

to the wild-type mice, with contrasting expression of cytokine mRNAs found between 

IFN-i1" and IL-4·'- mice (Table 1 ). Nal've IFN-i'- mice had higher relative mRNA 
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expression levels in 2 out of 11 (2/11) CCL chemokine genes as compared to wild-type 

mice, while 3111 were lower. Similarly, 2/11 CXCL chemokine genes were expressed 

higher and 4/11 genes were lower. In addition, 6/22 cytokine genes were higher and 7/22 

(including IFN-y) genes were expressed at lower levels, as compared to nai've wild-type 

mice. There was an indication that some Th2-type cytokines were expressed at higher 

levels, e.g. IL-4, IL-13, CCL6, and CCL22, suggesting a slight shift in the already Th2 

environment ofthe lung [143]. The down-regulated genes in the IFN-f'· mice included 

Thl-response associated chemokines such as CXCLII, CX3CL1, and IL-18. Thus, the 

loss of IFN-y does alter the cytokine mRNA expression in nai've lungs of BALB/c mice. 

There was a much bigger change in the cytokine profiles with IL-4 deficiency in 

nai've lungs. As indicated above, the lungs of BALB/c mice have typically Th2-type 

environments [143], and the loss ofiL-4, a Th2 promoting cytokine [81), had a 

significant impact on cytokine/chemokine mRNA expression in nai've lungs (Table 1). 

Chemokine mRNA expression was increased in the lungs ofnaYve IL-4_,_ mice. 9/12 CCL 
\ 

and 6/11 CXCL chemokine genes were expressed at higher levels than in nai've wild-type 

mice. There were a total of 3 CCL or CXCL genes whose expression was reduced. 

Similarly, 9 out of 22 cytokine genes were increased in their expression, with only 4 

genes having lower expression, as compared to wild-type mice. Interestingly, there were 

only 9 chemokine or cytokine genes changes that were in common between IFN-y"'- and 

IL-4'1" mice, supporting the broad, independent regulatory effects of these regulatory 

cytokines. There was an indication that some Thl-associated cytokine mRNAs were 
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expressed at higher levels, e.g. IL-18, CXCLI 0, and CXCL II, suggesting a slight shift 

away from the normally Th2 environment ofthe lung (143] . Thus, a deficiency in either 

cytokine, particularly IL-4, results in a shift in the expression of a number of cytokine 

and chemokine genes in the lungs of narve mice, and this change in the normal cytokine 

network potentially could contribute to differences in subsequent responses to 

mycoplasma infection or immunization. 

Table I. mRNA expression of cytokines, chemokines and their receptors in the lungs of 

naive wild-type, IFN-y·'- and IL-4-'- mice. Lungs were obtained from broth-inoculated 

(controls) wild-type, IFN-y-'· and IL-4_,_ mice and RNA was isolated. Total RNA was isolated 

from the lungs of individual BALB/c, IFN-/- and IL-4_,_ mice and pooled RNA from each 

experiment (n=3 and 4 per experiment {two experiments}) was used to probe membrane-based 

eDNA cytokine/chemokine microarrays. The intensities of the spots were normalized using the 
\ 

intensity of the reactivity to the housekeeping gene, GAPDH, and the results from the RNA 

obtained from the lungs of broth-inoculated IFN-y"'- and IL-4_,_ mice were compared to the RNA 

obtained from the lungs of broth-inoculated wild-type mice. Data is normalized with mRNA 

expression, as determined by spot intensity, at least an average of2-fold, with no individual 

value of~ 1.5 fold. N.D. denotes signal not detected. 
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Comoari•on of mltN A level• In Nallle mice 
Genes IFN..,..t-mlce IL-4-1- mice 

lncreued Decre .. ed lncreued Decruaed 
Ccl1 
Ccl2 7.1 
Cc:U 7.1 2.6 
Cell 2.4 4.5 

Ccl11 4.0 
Ccr2 1.1 2.1 
CcrS 2.0 
Cell 1.1 3.4 
Ccr1 5.1 
Ccl19 2.1 

Ccl21a &.2 
Ccr7 
Ccr& 1.1 2.1 
Ccl25 27.5 
Ccrt 23.7 
Cell 14.1 1.0 
Cd17 2.0 
CdZ2 4.1 
Ccr4 4.7 1U 
Cxd1 
Cxcl2 2.2 2.0 
Cllc:U 2.3 3.1 
Cxdl 

Cxd1S 2.2 
Cxd14 
Cxd15 2.4 
Cxdl 2.T 
Cxd10 2.4 
Cxd11 21.0 15.1 
Cxc:r3 u 
C.Sd1 1.3 4.3 
Cx3c:r1 u 1.5 
Fcer1a 2.7 4.1 
l'car1 2.1 
11b 4.1 
11r1 2.4 2.1 
11r2 2.1 
11m 
12rtl L3 
l2ra 1.0 
13 4.3 .... 2.1 2.1 

ltab2 1.1 2.1 
Ltll 1.3 
L1b u 1.0 
lllf 2.2 1.0 
Tnt 4.1- 1.1 

Tnfnlf'la 
IDD1 3.1 
14 2.0 ... D. 

•• 2.1 
110 4.0 

11Ditt 2.1 .... 
113 .... 3.1 

113ra1 3.3 4.0 
Tafb1 1.7 2.1 
lfnaJ 3.3 2.2 
lflla N.D. 
11211 
1112111 
111 4.2 5.4 
111 2.3 

111• 3.2 
11711 

"""' 3.0 
1H ... 
111'7 
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IFN-'(1
" and IL-4"1

- mice display unique changes in pulmonary cytokine mRNA 

profiles in response to mycoplasma infection 

Lower numbers of mycoplasma are transiently found in lungs of IL-4_,_ mice as 

compared to wild-type mice, while JFN-y"1
" mice have a greatly impaired ability to control 

mycoplasma numbers in their lungs, corresponding to more severe disease [I 00]. 

However, the above studies demonstrate that the loss of IL-4 had the greatest effect on 

the cytokine mRNA profile in the lungs of na"ive mice. To determine if different cytokine 

responses occur in JL-4"1
", as well as IFN-y"'- mice after mycoplasma infection, wild-type 

and the cytokine deficient mice were infected with mycoplasma, and 14 days later, the 

relative levels ofmRNA expression in lungs were compared between the uninfected 

(broth inoculated) control mice and the infected mice within each strain using 

microarrays. 

Similar to our previous study [I 00], the IL-4·'· mice had comparable lesion severity 

to the wild-type mice (data not shown), but the cytokine mRNA profiles were 

significantly different (Table II). There was only one CCL and four CXCL chemokine 

mRNAs with increased expression after infection of IL-4_1_ mice, while a total of II CCL 

or CXCL chemokines were found to have reduced mRNA expression. This is in contrast 

with wild-type mice which displayed an increase expression of 13 out of 21 chemokine 

mRNAs and only a decrease in levels of one chemokine mRNA. The number of cytokine 

mRNAs that were increased in IL-4"1
" (10/28) and wild-type mice (13/28) after infection 

were not as striking as seen with the chemokine mRNA expression; however, 13 cytokine 
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mRNA had lower expression levels in IL-4_1
_ mice as compared to 3 cytokine genes in 

wild-type mice. There were only 7 chemokine or cytokine genes that increased 

expression in both IL-4_1
_ and wild-type mice in response to infection. Thus, it is clear that 

despite similarity in mycoplasma numbers recovered from lungs and gross lesions, IL-4_1
_ 

and wild-type mice had significantly different responses to mycoplasma infection. 

In contrast to IL-4-/- mice, the differences in the changes in cytokine mRNA 

expression due to infection, although present, were not as striking between the lungs of 

IFN-f1
- and wild-type mice. This is despite mycoplasma infected IFN-f1

- mice having 

higher gross lung lesion scores than wild-type mice (data not shown), and is consistent 

with our previous study [ 1 00]. IFN- f 1
- mice demonstrated a significant increased 

expression of as many as 15/21 chemokine mRNAs, known to participate in 

inflammatory responses, and wild-type mice had a similar increase in numbers of 

chemokines (13/21). Increases in cytokine mRNA-expression were found in both IFN-f1
-

(19/28) and wild-type (13/28) mice. Despite the similar numbers ofcytokine and , 

chemokine mRNAs increasing after infection in these mouse strains, there was a unique 

pattern of increased expression. Out of the 15 chemokines found to increase in IFN-f1
-

mice after infection, only 8 were also increased in the lungs of wild-type mice after 

infection. There was only an overlap of 7 cytokines with increased expression in the 

lungs ofiFN-f1
- and wild-type mice in response to mycoplasma infection, leaving about 

12 other cytokine mRNAs increasing their expression in IFN-f'- mice that were different 

from those in wild-type mice. There were also a number of chemokine and cytokine 
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mRNAs that were not detected in any strain of mice, using the arrays, throughout the 

course of disease pathogenesis (Table III).Thus, the disruption ofiFN-y results in not 

only higher numbers of mycoplasma and more severe mycoplasma disease [100], but also 

alters ofthe chemokine/cytokine responses in the lungs to mycoplasma infection. 

TABLE II. Induced mRNA expression of cytokines, chemokines and their receptors, in the 

lungs, of wild-type, IFN-y-1- and IL-4-t- mice after 14 days of mycoplasma infection. Wild

type, IFN-y·'· and IL-4_,_ mice were either broth-inoculated (controls) or infected with 

mycoplasma and 14 days later, the lungs were obtained to isolate RNA. Total RNA was isolated 

from the lungs of individual wild-type, IFN-'(1
" and IL-4_,_ mice and pooled RNA from each 

experiment (n=3 and 4 per experiment {two experiments}) was used to probe membrane-based 

eDNA cytokine/chemokine microarrays. The intensities ofthe spots were normalized using the 

intensity of the reactivity to the housekeeping gene, GAPDH, and the results from the RNA 

obtained from the lungs of wild-type, IFN-'(1
" and IL-4_,_ infected mice were compared to RNA 

obtained from the lungs of each of the respective broth control mice. Data was normalized with 

mRNA expression, as determined by spot intensity, at least an average of2-fold, with no 

individual value of~ 1.5 fold. N.D. denotes signal not detected. 
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mRNA changes In BALB/c mRNA changes in IFN-y-1- mRNA changes In IL-4-/-
Genes mice after M. pu/monls mica after M. pu/monis mice after M. pu/monls 

Increased Decreased Increased Decreased Increased Decreased 
Cd1 3.6 
Ccl2 4.6 7.8 4.8 
Cd4 10.6 12.6 6.2 
Cd8 3.2 104.9 3 

Ccl11 1.5 2.9 
Ccr2 1.8 2.1 3.4 
Ccrii 3.6 3 
Cd9 8.1 2.2 
Ccr1 2.6 13.9 2.4 
Ccl19 2.9 4.2 

Ccl21a 3.8 9.1 
Ccl7 3.6 
Ccrii 3.2 
Cd25 8.8 
Ccr9 2 2.1 10.8 
Cell ... 5.6 

Cd17 2.7 
Cd22 3.4 3.& 4.6 
Ccr4 21 .6 3&.1 4.1 
Cxcl1 1.1 27.0 
Cxcl2 10.4 39.7 2.0 
Cxcl4 2.1 2.1 8.A 
CxciS 3.1 

Cxcl13 4.4 12.1 7.3 
Cxd14 1.1 
Cxd16 2.0 
Cxcll 3.1 2.3 3.8 
Cxd10 I 4.3 13.4 
Cxcl11 20.8 2.3 
Cxcr3 1.6 4.4 6.1 
Cx3cl1 6.1 1.7 19.8 
Cx3cr1 2.0 3.2 
Fcer'la 4.0 
Fcar1 4.A u 
IHb 4.1 5.6 
11r1 2.3 4.A 
l1r2 u 1.7 
11m 11.8 2.6 
IZrtl u 4.6 
l2rg 1.7 6.3 

113 2.3 7.7 
lllet 1.7 
ltab2 3.1 4.2 
Ul 1.1 3.7 
Ltb 3 2 7.5 
Mlf 2.3 3.8 
Tnf 2.1 

Tnfrlf1a 1.0 
IDD1 3.1 2.3 8.3 

114 2.1 1.1 
115 2.3 

H10 2.3 ••• 2.0 
H10rb 2.7 2.1 12.5 
H13 2.1 2.1 

H13ra1 3.7 2.0 
Tafb1 2 1.1 26.6 
lfna2 3.4 1.1 
lfnll 2.3 4.3 
M12a 3.1 
D12b 2.1 2.6 
1111 3.4 8.3 12.1 
1111 2 8.1 
H17a 4.2 3.2 1U 
H17b 3.1 2.3 1.1 
nr1 3.1 
nr4 1.1 
Tir7 2.3 3.2 3.0 
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TABLE III. mRNAs of cytokine, chemokine and receptors not detected in murine 

lungs using microarrays. 

Cytokine or chemokine mRNAs not detected 

Chemokines and receptors ................... CCL3, CCL5, CCL7, CCR3, CCR8, CCRIO, 
CCLl2, CCI20, CCL24, CXCL12 

Cytokines and receptors ..................... .ILl a, IL2, IL-5ra, IL-6, IL-6ra, IL-8ra, IL-8rb, 
IL-9, IL-9r, IL-11, IL-l2rb2, IL-16, IL-25, 
lNFrsflb, CD401g, Tollip 

TLRs ............................................ TLRI, TLR2, TLR5, TLR6, TLR8, TLR9 

89 

l 

' .J 
l 
l 

I 
j 

I 

I 
~ 

~ 
l ;. 
~ 
.~ 

' 



Real-time PCR confirms the array results that IFN-y·'- mice demonstrate a 

shift toward proinflammatory and a Th2 cytokine and chemokine mRNA profile in 

response to mycoplasma infection 

Real time RT-PCR was used to ascertain the changes reported by arrays. CCL4 

{macrophage inflammatory protein (MIP-1 J3)} , CCL8 {monocyte chemotactic protein 

(MCP-2)}, CCRS, CXCLlO (IP-10), CXCR3, CCL22 {Stimulated T cell chemotactic 

protein (STCP-1)}, CCL6, IL-17a, IL-10 mRNA levels found in samples collected from 

the control (broth-inoculated) and infected (day 14 post-infection) lungs of individual 

mice of each of the wild-type, IFN-'{'- and IL-4_,_ mice (n=7 for each experimental group) 

were tested. The results from the eDNA array analysis strongly correlated with the data 

obtained by real-time RT-PCR. The fold-changes in the mRNA expression, with respect 

to the wild-type controls, were logarithmically transformed for analysis purposes (p ~ 

0.005). 

The results from the chemokine/cytokine arrays indicated an increase in the 

expression ofthe pro-inflammatory chemokines CCL4 and CCLS in the IFN- y·'- mice, 14 

days after mycoplasma infection, which are known to participate in the recruitment ofT 

cells via the receptor CCRS [83]. There was indeed a significant increase in the 

expression of these chemokines in the IFN- '{'-mice with a significant reduction in the 

mRNA expression levels in the IL-4"1" mice, post-mycoplasma infection as detected by 

real-time RT-PCR (Fig. 1). The Th2 immune response mediating chemokines CCL22 and 
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CCL6 (known to be induced by IL-13) were increased in the IFN-{- mice upon infection. 

The lungs of infected IFN-/- mice also demonstrated a significant increase in IL-10 and 

IL-17a mRNA levels as compared to the increase found in the infected wild-type and IL-

4_,_ mice. The lungs of the infected IL-4_,_ mice, on the other hand, had enhanced 

CXCL 10 expression and a reduction in the expression levels oflL-1 0. Thus, there are 

differences in the chemokine/cytokine mRNA expression in the lungs of cytokine 

deficient mice, which are consistent with a shift toward a more Th2-type environment in 

IFN- y-'- mice. 
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FIGURE 1. mRNA levels ofCCL4, CCL8, CCR5, CXCLlO, CXCR3, IL-17a, 

CCL22, CCL6 and IL-10 in lungs of wild-type, IFN-f'- and IL-4_,_ mice after 

mycoplasma infection. Wild-type, IFN-y"'- and IL-4_,_ mice were either broth-inoculated 

(controls) or infected with mycoplasma and 14 days later, the lungs were obtained to 

isolate RNA. The transcripts of above said Th 1 ffh2-Th 17 chemokines and cytokines 

were determined by real-time RT-PCR. The levels ofmRNA were standardized to the 

GAPDH housekeeping gene. The vertical bars represent the means ± the standard error 

ofthe mean (SEM; n==7 for each mouse strain) ofthe fold difference in mRNA levels of 

each ofthe genes relative to the average baseline values of samples from uninfected wild-

type mice (control). "*" denotes significant difference (p ~ 0.05) from broth-inoculated 

wild-type mice, "**" denotes significant difference (p ~ 0.05) from mycoplasma-infected 

wild-type mice, "• " denotes significant difference (p ~ 0.05) from broth-inoculated IFN-

.. (- mice, "••"denotes significant difference (p ~ 0.05) from mycoplasma infected IFN-y"1
-

mice and "•"denotes significant difference (p ~ 0.05) from broth-inoculated IL-4~'- mice 
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Mycoplasma-specific IL-5 responses in the lungs are higher in infected IFN-'{1
-

mice 

To characterize the T cell environment in M pulmonis infected wild-type, IFN-y"'

and IL-4_,_ mice, total pulmonary and splenic lymphocytes were isolated 14 days after 

infection and cultured in vitro in presence or absence of mycoplasma membrane antigen. 

Supernatants from the culture were collected 4 days later, and the levels of IL-4, IL-5 and 

IFN-y were determined. 

Lung lymphocytes isolated from infected wild-type mice produced significant 

levels ofiL-4 and IFN-y in responses to mycoplasma antigen (Fig. 2A). As expected, 

lung and spleen cells from infected IFN-'(1
" mice produced IL-4, but not IFN-y, in 

response to antigen, and lung and spleen cells from IL-4_,_ mice did not secrete IL-4 but 

produced IFN-y. Although lung cells from each infected mouse strain produced IL-5 in 

response to antigen, the IL-5 responses of pulmonary lymphocytes from IFN-'(1
- mice 

were significantly higher (p $ 0.05) than the other mouse strains. Lung lymphocytes from 

IL-4_,_ mice, on the other hand, produced significantly reduced (p $ 0.05) levels of IL-5 in 

response to mycoplasma antigen as compared to both the wild-type and IFN-'(1-mice. 

Consistent with the lung cytokine protein levels, the splenic lymphocytes from IL-4_,_ 

mice produced significantly lower (p $ 0.05) levels of IL-5 as compared to the wild-type 

mice, but in contrast to lung cells, spleen cells from IFN-'{1
- mice did not produce higher 

mycoplasma-specific IL-5 responses (Fig. 28). Hence, pulmonary immune responses in 
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mycoplasma infected IFN-i'- mice were consistent with an enhanced Th2-type (IL-5) 

response, while the responses in IL-4_,_ mice were not. 

FIGURE 2. Mycoplasma-specific cytokine production by cells isolated from the 

lungs and spleens of infected mice. Mononuclear lymphocytes were isolated from the 

lungs and spleens of 14 day mycoplasma-infected wild-type, IFN-i'- and IL-4_,_ mice. 

Cells were cultured in vitro in the absence (grey bars) and presence (black bars) of 

mycoplasma antigen. Supernatants were collected 4 days later, and the levels of IL-4, IL-

5 and IFN-y were detennined using a Bioplex suspension array. A) Lung lymphoid 

cytokine levels. B) Spleen lymphoid cytokine levels. Detection was done in pooled 

samples from n=8 mice/group and data represents 2 separate experiments."*" denotes 

significant difference (p :$ 0.05) from broth-inoculated wild-type mice, "**" denqtes 

significant difference (p :$ 0.05) from mycoplasma-infected wild-type mice and "• " 

denotes significant difference (p :$ 0.05) from broth-inoculated IFN-y"1
" mice, "••"denotes 

significant difference (p ~ 0.05) from mycoplasma infected IFN-y"1
" mice and "•" 

denotes significant difference (p ~ 0.05) from broth-inoculated IL-4-'· mice. 
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Immunization of IL-4_,_ mice enhances protection from mycoplasma 

respiratory infection whereas immunization of IFN-f'- mice led to higher numbers 

of mycoplasma and more severe disease 

As previously demonstrated [100], the unimmunized IFN-'{1
- mice had higher 

mycoplasma numbers and more severe disease after infection in the lungs as compared to 

unimmunized wild-type and IL-4_,_ mice. The loss ofiFN-y was shown to impair innate 

immune mechanisms involved in controlling the numbers of mycoplasma. Furthermore, 

the above studies suggest that IL-4_,_ mice have altered pulmonary cytokine environments 

in lungs and have a unique response to infection. However, it is possible that previously 

unrecognized changes in the generation of adaptive immunity against mycoplasma might 

occur in IFN-f'- or IL-4_,_ mice that may contribute to immunopathology or provide 

resistance to infection. To determine whether immunization of different strains of mice 

induces generation of mycoplasma-specific protection or immunopathology along the 

respiratory tract, wild-type, IFN-y-'- and IL-4-t- mice were immunized with mycoplasma 

antigen once and again 7 days later. Another group of mice, within each strain, was given 

PBS instead of mycoplasma antigen. 7 days after the second immunization, all mice were 

infected. On day 14 post-mycoplasma infection, gross pulmonary lesions and the 

numbers of mycoplasma in lungs and nasal washes were determined from each group of 

mice. 

Immunization of IFN-i'- mice had a detrimental effect in their response to 

mycoplasma infection. There was a significant increase (p ~ 0.05) in gross lesion severity 
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in the lungs ofiFN-i1- mice after immunization as compared to unimmunized IFN-i'- , 

IL-4_,_ or wild-type mice (Fig. 3). Furthermore, the numbers of mycoplasma in the lungs 

of immunized IFN-y"'- mice were significantly (1 log) higher (p ~ 0.05) than 

unimmunized IFN-i'- mice (Figure 4). This was in contrast to immunization of wild-type 

mice that resulted in more than half a log reduction in mycoplasma numbers, as 

compared to their unimmunized counterparts. Most interestingly, immunization of the IL-

4"1" mice led to maximum protection. The immunized IL-4_,_ mice had a 4 log decrease in 

the numbers of mycoplasma than unimmunized IL-4_,_ mice. In addition, immunization of 

WN-i'- mice did not affect mycoplasma numbers within the upper respiratory tract. In 

contrast, immunized IL-4_,_ and wild-type mice had significantly (p ~ 0.05) lower 

numbers of mycoplasma recovered from nasal passages than found in nai've mice, with 

the numbers of organisms being lowest in nasal passages of IL-4_,_ mice (p ~ 0.05). Thus, 

immunization of JFN-'(1
- mice exacerbated, rather than reduced, mycoplasma disease and 

infection, whereas immunization of IL-4-t- mice significantly enhanced protection along 

the respiratory tract, particularly in the lungs. 
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FIGURE 3. Lesion severity in the lungs of nasal-pulmonary-immunized wild-type, 

IFN-y_,_ and IL-4_,_ mice after mycoplasma infection. Mice were immunized with 

mycoplasma membrane antigen once (day 1) and again 7 days later. Control mice 

received PBS instead of immunizations. All mice were infected 7 days after the second 

immunization and at days 14 after mycoplasma infection, lungs were obtained to score 

the lesion indices. Control mice (grey bar) were not immunized. Immunized mice (black 

bar) were nasal-pulmonary immunized with mycoplasma antigen alone. Vertical bars and 

error bars represent mean+/- SE (n=ll ). "*• denotes significant difference (p ~ 0.05) 

from PBS inoculated wild-type mice, "•" denotes significant difference (p ~ 0.05) from 

PBS inoculated IFN-f'- mice and "•" denotes significant difference (p ~ 0.05) from PBS 

inoculated IL-4_,_ mice. 
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FIGURE 4. Immunization ofiL4·'· mice confers better protection in lungs and 

nasal passages to mycoplasma infection. Immunized and PBS-inoculated (control) mice 

from each of the wild-type, IFN-i'- and IL-4_,_ mice were infected with mycoplasma and 

14 days later, the numbers of mycoplasma CFU were determined in a) lungs and b) nasal 

passages. Control mice (grey bar) were not immunized. Immunized mice (black bar) were 

nasal-pulmonary immunized with mycoplasma antigen alone. Vertical bars and error bars 

represent mean xl+ SE (n=6). "*" denotes significant difference (p ~ 0.05) from PBS 

inoculated wild-type mice, "•" denotes significant difference (p ~ 0.05) from PBS 

inoculated IFN-i'· mice and "• " denotes significant difference (p ~ 0.05) from PBS 

inoculated IL-4·'· mice. 
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Immunization of IFN-f'- mice led to the generation of higher levels of IL-5 and 

IL-17 responses by lung cells after in vitro stimulation of mycoplasma antigen 

Our above studies demonstrate that immunization ofiL-4_,_ mice was very effective 

in producing resistance to mycoplasma infection, while infection of immunized IFN-"(1
-

mice resulted in more severe disease and higher numbers of mycoplasma in their lungs. 

We also demonstrated earlier that mycoplasma-specific IL-5 responses in the lungs were 

higher in infected IFN-y_,_ mice than in wild-type or IL-4_,_ mice. In addition, we 

confirmed that IL-4 and IFN-y production in response to antigen was retained in IFN-y"'

and IL-4_,_ mice, respectively. Hence mycoplasma-specific cytokine responses generated 

after immunization were determined in wild-type and cytokine deficient mice. Pulmonary 

and splenic lymphocytes were isolated 7 days after the second immunization and cultured 

in the presence or absence of mycoplasma Ag in vitro. Supernatants from the culture 

were collected 4 days later and protein levels of IL-4, IL-5, IFN-y, IL-17 and IL-13 were 

analyzed by a Luminex suspension bead array. IL-17 was included as a recent stUdy from 

our lab (A. Sieve, K.Meeks, S.Bodhankar, S.Lee, J.Simecka, and R. Berg, manuscript 

submitted) demonstrated an increased susceptibility against mycoplasma infections in the 

IL-17R deficient mice (on a C5 781/6 background), suggesting that Th 17 cells may also 

contribute to resistance. 

Lung lymphocytes isolated from immunized wild-type mice produced significant 

levels ofiL-4 and WN-y in responses to mycoplasma antigen (Fig. 5A). As expected, 
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lung cells from immunized IFN-t'- mice produced IL-4, but not IFN-y, in response to 

antigen, and lung cells from IL-4_,_ mice did not secrete IL-4 but produced IFN-y. 

Although lung cells from both wild-type and IFN-t'- mice produced IL-5 in response to 

antigen, the IL-5 responses of pulmonary lymphocytes from IFN-i'- mice were 

significantly higher (p :S 0.05) levels than the other mouse strains. Lung lymphocytes 

from IL-4_,_ mice, on the other hand, did not show a mycoplasma-specific IL-5 response. 

IL-13 responses from lung cells were lowest in the cytokine-deficient mice (p :S 0.05). IL-

17 production by lungs cells in response to mycoplasma antigen was significant (p :S 

0.05) in all three mouse strains. Lung cells from IL-4_,_ mice after immunization had the 

lowest IL-17 responses (p :S 0.05), while lung cells from immunized IFN-i'- mice 

produced the highest IL-17 levels after mycoplasma antigen stimulation (p :S 0.05). The 

trend of cytokine protein levels from spleen cells stimulated with antigen correlated with 

that found in the lungs. Splenic lymphocytes from wild-type mice showed a significant 

increase in the levels of IL-4, IL-5, IL-13 and IFN- y upon stimulation (Fig. 58). The 

IFN-f'- mice produced significantly higher levels of IL-4, IL-5, IL-13 and IL-17 upon 

stimulation. Though the levels of IL-4 and IL-13 produced by the IFN-i'- mice were 

lower than that produced by the wild-type, the levels of IL-17 produced were 

significantly higher. Consistent with the lung cytokine protein levels, the splenic 

lymphocytes IL-4_,_ mice produced significantly lower levels of IL-5, IL-13 and IL-17 as 

compared to the wild-type and IFN-f1"mice with IFN-y levels also lower to that produced 

by the wild-type mice. Hence, the immunized IFN-f'- mice produced higher levels ofthe 

IL-5 and IL-17, as well as IL-4, than immunized IL-4_,_ mice, while IL-4_,_ mice produced 
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higher levels IFN-y. These data are consistent with preferential increases in mycoplasma-

specific Th2 and Th17 type responses in the lungs immunized IFN-y"1
- mice and Thl type 

responses in the lungs of immunized IL-4·/- mice. 

FIGURE 5. Mycoplasma-specific cytokine production by cells isolated from the 

lungs and spleens of immunized mice. Mononuclear lymphocytes from the lungs and 

spleens were isolated on day 14, following nasal-pulmonary immunizations of wild-type, 

IFN-'(1
- and IL-4_1

_ mice. Cells were cultured in vitro in the absence (grey bars) and 

presence (black bars) of mycoplasma antigen. Supernatants were collected 4 days later, 

and the levels of IL-4, IL-5, IL-13, IL-17 and IFN-y were determined using a Bio-plex 

suspension array. A) Lung lymphoid cytokine levels. B) Spleen lymphoid cytokine 

levels. Detection was done in pooled samples from n=8 mice/group and data represents 2 

' 
separate experiments. "*" denotes significant difference (p ~ 0.05) from broth-inoculated 

wild-type micet "**" denotes significant difference (p ~ 0.05) from mycoplasma-infected 

wild-type mice and "• " denotes significant difference (p ~ 0.05) from broth-inoculated 

IFN-'(1
- mice, "••"denotes significant difference (p ~ 0.05) from mycoplasma infected 

IFN-'(1
- mice and "• " denotes significant difference (p ~ 0.05) from broth-inoculated IL-

4-J- mice. 
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Discussion 

The inadequacy of antibiotic and therapeutic approaches in controlling 

mycoplasma respiratory diseases entails the development of efficient vaccines to prevent 

the impact of mycoplasma respiratory disease on humans and animals [1]. Despite being 

able to mediate resistance to mycoplasma (9], intranasal immunization also results in 

adverse pulmonary airway inflammatory processes (9, I 04, 105]. The mechanisms 

involved in the generation of protective immunity and the plausible contribution of 

beneficial or detrimental immune factors are unknown. T cells are the critical players in 

promoting protection or generating immunopathologic reactions in mycoplasma 

respiratory disease [ 1 0-12]. IFN-y and IL-4 are the key regulatory cytokines modulating 

the T helper cell responses. The purpose of this study was to elucidate the 

immunoprotective and/or immunopathologic roles of IFN-y and IL-4 in the generation of 

adaptive immunity mediated by nasal-pulmonary immunization. Previous studies in our 

lab (99, I 00] demonstrate the protective role of IFN-y in mediating resistance, abrogating 

' 
disease severity and in generation of innate immune responses against mycoplasma 

infection. The role of IL-4 though important in the development of immune responses in 

the upper respiratory tract, was subtle in the lower respiratory tract. Hence, we 

hypothesized that IFN-y fosters Th 1-type responses that reduce disease severity and 

promotes resistance whereas IL-4 likely promotes Th2-type responses, leading to 

inflammatory lesions that contribute to the pathogenesis in mycoplasma infection. 

Similar to our previous studies [99, 1 00], to study the contribution of these 
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immunoregulatory cytokines in cell-mediated immune responses generated upon nasal

pulmonary immunization, we used IFN-f'- and IL-4_,_ mice. 

The resident pulmonary environments demonstrated a significant shift in the 

expression of a number of cytokine and chemokine genes as compared to the wild-type 

mice, due to the deficiency in either IFN-y or IL-4. The effects were most apparent in the 

IL-4_,_ mice with the number of chemokine and cytokine mRNA differences to be far 

more extensive than those found in the lungs ofiFN-y·'- mice. Therefore, though there 

exist subtle differences in the disease severity between the wild-type and IL-4_,_ mice, the 

pattern of chemokine/cytokine mRNA profiles in the resident lung environment of IL-4_,_ 

mice is significantly skewed. The lung environments of naive wild-type mice are 

typically Th2-type [143] and the fact that a few chemokine/cytokine genes associated 

with Th 1-type immune responses were amongst the mRNAs that had a higher expression 

in the lungs of IL-4·'· mice is suggestive of a shift away from the normally Th2-dominant 

lung environment. Though the number of genes that were different in the naive IFN-y·'

mice, as compared to the wild-type mice, was not as many as that in the IL-41
- m'ice, but 

the higher expression of some of the Th2-type response mediating genes was indicative 

of a slight increase in the already existing Th2-typc pulmonary environment This change 

in the normal cytokine network could possibly result in differences in the outcome of 

subsequent mycoplasma infection or immunization. Upon mycoplasma infection, though 

the IL-4"1
" mice exhibited comparable disease severity to the wild-type mice, a significant 

number of cytokine/chemokine genes were down-regulated in the IL-4"1
" mice. The IFN-f 

,_mice which have higher disease severity, had almost comparable change in the numbers 
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of chemokine and cytokine genes being altered after mycoplasma infection. Despite 

similar numbers of chemokine and cytokine mRNAs being upregulated in the IFN-f'

mice and wild-type mice, the pattern of the genes that were altered in the IFN-"(1- mice, 

upon mycoplasma infection, was different. Hence, the loss of JFN-y or IL-4 influences a 

wide array of cytokine and chemokine mRNA expression in the naive lungs and in 

response to mycoplasma, possibly impacting the outcome of the respiratory infection. 

The cytokine deficient mice demonstrate a unique pattern of altered genes, both in 

the naYve and mycoplasma-infected lungs. This suggested that IFN-y and IL-4 might 

possibly impact the cells of the adaptive immunity and either impair or enhance the 

quality of protective immune responses generated upon nasal-pulmonary immunization. 

Immunization of the IFN-'(1" mice led to significant exacerbation of disease severity and 

an impaired ability to clear mycoplasma from respiratory tract. The immunized IFN-f'· 

mice demonstrated far worse disease symptoms not only in comparison to its 

unimmunized counterparts but also as compared to the wild-type and JL-4-t- mice. 

Immunization of wild-type mice however, resulted in a better protection with less disease 

severity and lower numbers of mycoplasma recovered from the respiratory tracts. Though 

the immunization ofiL-4"1"mice resulted in lower lesion scores as compared to their 

unimmunized counterparts, they demonstrated a comparable disease severity as compared 

to the wild-type mice. Surprisingly, the immunization of the IL-4"1
" mice led to a better 

clearance of mycoplasma both in the upper and lower respiratory tracts. Immunization in 

the absence of IL-4 thus, leads to the generation of pronounced protective adaptive 

immunity. Hence the quality of adaptive immunity is strongly influenced by the 
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microenvironment at the time of immunization due to the loss/deficiency of a vital 

immunoregulatory cytokine. 

Prominent Th-2 type immune responses in the lungs of IFN-f'- mice correspond 

to the severe immunopathologic reactions developed after mycoplasma infection and 

immunization. There were apparent differences in cytokine responses after mycoplasma 

Ag stimulation of lung and spleen cells. While the generation of Th I -type responses, in 

the lungs of IL-4_,_ mice, suggest the immunoprotectiveness rendered due to these 

responses. The mycoplasma-infected IL-4_,_ mice demonstrated an up-regulated mRNA 

expression ofthe CXCR3 and its selective chemokine ligands, IP-10 (CXCLIO), Mig 

(CXCL9) and 1-T AC (CXCL II). These Th 1-type immune response-inducing chemokines 

can act as antagonists ofCCL22 and thereby inhibit the infiltration ofTh2 cells, as 

previously proposed in (150]. The significant down-regulation of some Th2-type 

chemokines and cytokines mRNAs; and on the other hand, the induction ofCXCLIO, IL-

12 and IL-18 is indicative of their contribution in the generation of protective Th 1-type 

responses in the IL-4_,_ mice. On the contrary, the infected IFN-f'- mice had a down

regulated mRNA expression of IL-12 and IL-18. Since our previous studies [98] 

demonstrate that CD4+ T cells accumulate in the MIP-1 ~ and MCP-2-overexpressed 

mycoplasma-induced lung lesion areas and studies of CD4+ T cell depletion result in less 

severe disease [97); the high mRNA expression of these genes in the infected IFN-f'

mice suggest the generation of immunopathologic reactions. The mycoplasma specific 

IL-5 responses in the lungs of infected IFN-y·'- mice were significantly higher when 

compared to the IL-4"1
" and wild-type mice whereas the pulmonary lymphocytes from 
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infected IL-4_,_ mice produced significantly reduced levels ofiL-5. Correspondingly, after 

nasal-pulmonary immunization, the IFN-y"1
- mice produced significantly high levels of 

pulmonary IL-5 and IL-17 as compared to both the wild-type and IL-4·'-mice. The 

immunized wild-type mice had higher levels of IL-4 and IL-13 as compared to the 

cytokine deficient mice. Interestingly, the immunized IL-4_,_ mice, however, 

demonstrated a significant reduction in IL-5, IL-17 and IL-13 but enhanced IFN-y levels 

in response to mycoplasma stimulation. A recent study in our lab (Sieve, Meeks, 

Bodhankar, Lee, Simecka and Berg) indicated that with the deficiency in IL-17 receptor, 

the resistant mice demonstrated increased susceptibility to mycoplasma. Also, studies by 

Wu, et. al. (151] demonstrate a crucial role ofiL-23 induced IL-17, in the lungs, in an 

acute M pneumoniae infection. However, an enhanced IL-17, in our study, corresponded 

to higher disease severity in the IFN-y"1
" mice. That IL-17 could be likely contributing to 

detrimental inflammatory processes in a chronic state of infection is a possibility. Thus 

these findings suggest that IFN-y"'- mice, in response to either mycoplasma infection or 

\ 

immunization, develop intense Th2-type responses which are immunopathologic while 

the IL-4-t- mice develop Th 1-type responses which are immunoprotective. 

In summary, IFN-y can contribute to the success of nasal-pulmonary 

immunization against mycoplasma disease. The presence of IL-4 during the induction 

and development of protective adaptive immune responses can be detrimental. 

Development of mycoplasma vaccines often exhibit variable protectiveness due to severe 

immunorecativity generated in some cases (9, I 04, 1 05]. To our knowledge this is the 

first study to examine the critical role played by the two Th I and Th2-response mediating 
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cytokines, IFN-y and IL-4, during the development of protective adaptive immunity. The 

recognition that two soluble immune factors can modulate resistance, possibly mediated 

by the generation of immunopathologic Th2-type cells and immunoprotective Th 1-type 

cells, provides insight to mechanisms through which an efficient vaccine can be 

developed. Our goal was to identify the various chemokines and cytokines predominantly 

produced in the absence of each of the cytokines using the gene array technology. Thus, 

the pattern of certain chemokines and cytokines, locally produced in the lungs, could 

dictate the type of lymphocytes that would be trafficked into the lungs and subsequently 

influence the generation of protective adaptive immune responses against mycoplasma. 

In the current study, for the first time we show that different Th cell responses are 

generated in the absence of a given cytokine which in tum influence the outcome of the 

mycoplasma disease both in the upper and lower respiratory tracts. However, caution 

regarding the interpretation of results should be considered as we show that the loss of a 

single cytokine modulates a vast array of other soluble mediators of immune responses 

and the exact cytokine or chemokine responsible for the significant contribution' in 

mediating resistance to mycoplasma respiratory disease cannot be pin-pointed. But these 

results indeed support our ongoing hypothesis that different Th cell populations are 

responsible in determining the fine balance between the protective and detrimental 

immune responses generated upon mycoplasma respiratory infection. The current study 

suggests that the presence of IFN-y during the chronic mycoplasma infection or even 

during the generation of protective adaptive immunity is very critical as it prevents the 

generation of intense pro-inflammatory reactions and also promotes protective Th 1-type 
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immune reactions. The presence of IL-4 dampens the generation of protective adaptive 

immunity and optimal approaches to minimize the impact ofthis cytokine on the 

development of efficient vaccines are needed to be investigated. 
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CHAPTER V 

Discussion 

In conclusion, the results from the above studies demonstrate several novel and 

intriguing functions ofNK cells, IFN-y and IL-4 in the generation of protective adaptive 

respiratory immunity against mycoplasma respiratory infection. In addressing the 

hypothesis that an innate cell population i.e. NK cells, has a critical impact in shaping up 

mycoplasma-specific adaptive immunity to yield beneficial responses, several unique 

findings were made: I) The presence ofNK cells during generation of adaptive immunity 

results in detrimental immune responses; 2) Beneficial immune responses, generated in 

the absence ofNK cells, are mediated via lymphoid cells especially CD4+ T cells and; 3) 

The microenvironment developed at the local immune centers, upon immunization, helps 
\ 

decide the course of mycoplasma infection. Furthennore, the roles of IFN-y and IL-4 in 

detennining the generation of protective and immunopathologic response were examined. 

Our hypothesis that IL-4 and IFN-y are key regulatory cytokines in detennining the 

outcome of infection and immunization was further supported by the findings that: 1) The 

absence of a single cytokine alters a vast array of chemokines and cytokines produced by 

a host, in response to mycoplasma infection; 2) The loss of one crucial regulatory 

cytokine skews the immune balance to more favorable Th 1 or to detrimental Th2-like 
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responses and; last but not the least, 3) the biased pulmonary microenvironment 

generated, upon immunization, in the absence of IL-4 is significantly favorable to control 

mycoplasma respiratory disease whereas the absence ofiFN-y, during immunization, 

exacerbates mycoplasma disease severity. These important findings will form a good 

foundation in the development of efficient vaccine strategies against mycoplasma 

respiratory disease. Future work will be needed to determine the mechanisms via which 

NK cells impact the CD4+ T cells and whether NK cells or activated T cells can be 

modulated to produce key soluble immune products, like IFN-y and IL-4, to help generate 

beneficial local immunity as a consideration in vaccine development. 

Pulmonary immune responses generated upon nasal-pulmonary immunization are 

more effective in mediating resistance against mycoplasma infection and rendering 

protection to the lower respiratory tract [9]. Hence, our focus for the studies done in this 

thesis was on the major mediators that could contribute to the developing efficient 

vaccines against mycoplasma respiratory disease. Since, serum antibody responses play 

little role in local protection [9], cell-mediated adaptive responses took the limelight in 

our studies. However, understanding the factors influencing the generation of 

qualitatively beneficial cell-mediated response was a prerequisite. The polarization ofTh 

cells to mediate protective responses, upon immunization, entails the understanding of 

innate immune cells in addition to the classical antigen-presenting cells, i.e. DCs. NK 

cells comprise a classic innate cell population that are not only involved in the direct 

maturation of dendritic cells but also promote TcR-dependent proliferation of autologous 

CD4+ T cells [31, 34]. Since, our earlier studies [99] had conclusively demonstrated that 
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pulmonary NK cells had a critical and novel involvement in innate immune responses 

against mycoplasma, we proposed that NK cells would also play an important role in 

shaping the adaptive immune responses. 

NK cells interfere with the generation of efficient adaptive immunity developed in 

response to nasal-pulmonary immunization. The depletion ofNK cells, before 

mycoplasma-specific immunizations, led to significantly lower numbers of mycoplasma 

both in the upper and lower respiratory tracts. However, what was of interest was the fact 

that the absence ofNK cells was found to be crucial only during the development of 

adaptive immunity as their presence during the infection course did not influence the 

outcome of the disease. Resistance to mycoplasma was nullified upon CD4+ T cell 

depletion in both groups of immunized mice. This strongly suggests that proficiency of 

adaptive immune responses depended largely on Th cells. It is known that Th cells 

require soluble signals i.e. cytokines, from the innate immune cells to become polarized 

to bring about its right function. The cytokine milieu in the lung-draining lymph nodes 

after the immunization protocol and just before mycoplasma infection were found to be 

Tht-like (higher production ofiFN-y) in the NK cell depleted immunized mice whereas it 

was Th2-like (higher production ofiL-4) in the immunized mice with theirNK cells 

intact during the generation of protective immunity. Furthermore, purified pulmonary 

CD4+ T cells from NK cell depleted immunized mice could transfer significantly better 

protection against mycoplasma respiratory disease. Thus, possibly, the initial interaction 

between NK cells and DCs, upon mycoplasma antigen uptake and the type of cytokines 

produced by each cell-type can in tum impact the polarization of Th (CD4+) cells into a 
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Th 1 or a Th2 dominant pulmonary environment, thus impacting the generation of 

adaptive immune responses. 

IFN-y and IL-4, the key regulatory cytokines, have contrasting roles in generation 

of protective adaptive immunity mediated upon nasal-pulmonary immunization. IL-4 and 

IFN-y are pleiotrophic cytokines that have strong immunomodulatory roles on both innate 

and adaptive immune cells [ 67, 81, 133-142]. Cytokines and chemokines are central 

mediators during host-pathogen interactions [ 15, 16]. They are not only responsible for 

the clearance of microorganisms but are responsible for the initiation, progression and 

resolution of inflammation in response to various microbes [83]. Hence, we questioned 

the roles of these two cytokines in the generation of efficient protective adaptive 

immunity against mycoplasma respiratory disease. Loss of each of the cytokine rendered 

the host to either demonstrate severe mycoplasma disease or not. When the reasons for 

this difference in disease severity were sought, we found that each of the cytokine 

deficient mice displayed a major shift in the expression ofmRNAs from the wild-type 

mice. Immunizations of these cytokine-deficient mice, further confirmed the de~isive role 

played IFN-y and IL-4 in modulation of efficient adaptive immune responses, generated 

upon immunizations. Immunizations in absence of IFN-y resulted in the mice being 

severely diseased with a worsened ability to clear the numbers of mycoplasma from the 

upper and lower respiratory tracts. On the other hand, immunizations in absence of IL-4 

significantly protected the mice from generating inflammatory lesions and helped in 

clearing the mycoplasma both from the lungs and the nasal passages. Our studies further 

elucidated a difference in the generation of mycoplasma-specific T cell responses in the 
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lungs of the infected as well as immunized cytokine-deficient mice; skewing the resident 

pulmonary environment to a more Th 1-like in IFN-i'- and Th2-like in IL-4_,_ mice. 

The two studies conclusively demonstrate that the presence of dominant 

pulmonary Th !-type or Th2-type environments seem to be a vital aspect in governing the 

outcome of an efficient immunization protocol. The correlated findings from both the 

studies suggest that NK cells, IFN-y and IL-4 regulate the immune responses by possibly 

altering the pulmonary cytokine milieu which in tum results in the skewing ofT-cell 

priming. Insights into bypassing these factors can help us successfully develop vaccines 

against mycoplasma respiratory disease. 

We believe that interactions between NK cells T cells and Des are critical in 

determining the outcome of immunization against respiratory diseases, such as ones 

caused by mycoplasmas. However, further studies to validate this stand are needed. 

Literature strongly suggests that cells of the innate immune system interact with each 

other in the inflamed tissues and in the secondary lymphoid organs [53]. This interaction 
\ 

leads to the modulation and/or amplification of different innate effector mechanisms, and 

the final outcome of these cellular interactions may have a dramatic impact on the quality 

and strength ofthe downstream adaptive immune responses [54]. The effect ofNK cells 

on the adaptive immunity may be due to the actions of regulatory cytokines, similar to 

that of the polarizing cytokines like IFN-y and IL-4 [55-57], but it can also be from the 

NK-mediated "DC editing" leading to the selection ofthe most suitable Des for 

subsequent priming ofT helper responses. It has been reported that the maturation of 

DCs requires the help from NK cells, in that that the NK cells trigger the differentiation 
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of monocytes into DCs [ 152], and NK cell-derived cytokines being essential for the 

requisite functioning of the DCs [ 153, 154]. Yoshida et. a/. [ 155] have reported that upon 

NK depletion, the DCs in B6 mice produced significantly lower IFN-y, lNF-a and IL-12 

and had reduced functional capacities as compared to the control mice. On the other 

hand, it has also been demonstrated that the depletion of DCs causes diminished NK 

responses [ 156], thus, illustrating that the NK -DC interaction is one of the most crucial 

innate cells interactions. Besides the NK-DC direct interactions, other innate cells like 

neutrophils, mast cells, eosinophils or plasmacytoid DCs, during the early phases of an 

inflammatory response, modulate the functional capacity of the NK and DCs through the 

release of cytokines like IL-4, IL-18 and IFN-y. Interestingly, as shown in human studies 

[57, 157], the exposure ofNK cells to IL-12 promotes the differentiation of appropriate 

mature DCs for subsequent Th 1 cell priming in the lymph nodes, whereas exposure to IL-

4 results in impaired Th 1 priming and favors tolerogenic or Th2-type responses. Previous 

studies from our lab demonstrate that the lungs are preferentially a Th2 environment 

[143], and thus, NK cell exposure to Th2 cytokines, such as IL-4, are likely. Thus, it is 

possible that NK cells in the lungs, during a mycoplasma respiratory infection, differ in 

their impact on adaptive immune responses. 

NK cells have been so far been, unequivocally, regarded to promote antimicrobial 

immunity. The NK-derived cytokines, especially IFN-y, are mediators of the early 

response generated against Toxoplasma gondii [23], Listeria monocytogenes [24], 

Chlamydia trachomatis [25] and murine cytomegalovirus [26] aiding the induction of a 

rapid healing Th 1 response to these infectious organisms. The mechanism of activation of 
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NK cells by the pathogens being through the indirect induction of mainly IL-12 and other 

cytokines including IL-2, IL-18 and TNF-a [ 158]. However, increasing evidence points 

out to the detrimental role ofNK cells e.g. in acute P. aeruginosa, E. coli, Streptococcus 

pneumoniae and Streptococcus pyogenes infections [27-30]. The deleterious role ofNK 

cells in the above mentioned acute infections has been attributed to the production of 

significantly high pro-inflammatory cytokines. However, a negative immunoregulatory 

role ofNK cells during a chronic infection has been recently reported to be via the 

production ofiL-10 [ 159]. NK cells were demonstrated to inhibit host protection in a 

leishmania infection through the production of IL-l 0, during the course of infection, 

which dampens the host's ability to clear the infection in a chronic state of disease [ 159]. 

This study points out that the NK cells acquire immunoregulatory functions as a 

consequence of extensive activation, in tum, implicating the NK cells as negative 

regulators ofthe cell-mediated adaptive immunity [159). Several studies have also 

indicated that IL-2, IL-12 and IL-21 induce murine NK cells to produce IL-10 [159, 160]. 

IL-l 0 has an effect on the bactericidal activity of macrophages, which can allow the 

survival of intracellular pathogens [ 161, 162) and can promote persistent infection and 

chronic inflammation in some infectious diseases [163-167]. Previous studies in our lab 

[98) demonstrate an increased IL-l 0 production with increasing disease severity in the 

wild-type susceptible mice. In addition, studies using IL-12"'· mice and nasal-pulmonary 

inoculation of IL-12 indicate that IL-12 impairs protective immune against M 

pneumoniae [ 168). As IL-12 is a Th I associated cytokine, there may additional 

complexity influencing the interactions between mycoplasma and host, and supports the 
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need for further studies to whether different Th subset responses are critical determinants 

in the outcome of infection or immunization. Thus, it is tempting to speculate that IL-12 

produced during chronic mycoplasma respiratory infection can play a role in the 

development or maintenance of IL-l 0 or Th2-type NK cells in the lymph nodes, which 

program the Th cells towards a Th2-type phenotype. 

Although the Thlffh2 bias, in several viral and bacterial infections, has been well 

characterized (67, 133-142], the role ofThl and Th2 cell responses in mycoplasma 

respiratory disease remain unclear. However, in one of our present studies using IFN-f'

and IL-4"1
" mice, in addition to the proinflammatory cytokines, the mRNA and protein 

levels ofiL-1 0 in the lungs ofiFN-y"1
" mice increased significantly, at 14 days post

mycoplasma infection. Thus, the production ofhigh amounts ofiL-10 in the IFN-y"'- mice 

might limit damage from the associated inflammatory responses but might inadvertently 

interfere with mechanisms that are effective in eliminating the mycoplasma organism. 

Our present study also demonstrated that immunization ofiFN-f'- mice led to ~ 

significant increase in disease severity along with an impaired ability to clear 

mycoplasma from respiratory tract, while immunized wild-type mice showed increased 

protection characterized by less disease severity and lower numbers of mycoplasma 

recovered from the respiratory tracts. These results are consistent with other respiratory 

infections, such as those caused by mycobacteria [169, 170]. In addition, pulmonary 

immune responses in mycoplasma infected or immunized IFN-y"1
- mice were consistent 

with the development of an enhanced Th2 response, as mycoplasma-specific IL-5 
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production was higher than found in wild-type or IL-4_,_ mice. In support of an enhance 

Th2 response, infected IFN-y"'- mice also had decreased expression of IL-12 and IL-18 

mRNAs. A similar shift towards Th2 responses in lung was shown in TFN-y receptor"'- or 

IFN-y"'- mice after viral and mycobacterial lung infection [169, 171, 172]. In contrast, 

mice with an IL-4 deficiency developed less severe disease than TFN-y"'- mice. This is 

similar to our previous studies [I 00] where IL-4_,_ mice had slight, although significant, 

effects on mycoplasma numbers in lung and disease severity after mycoplasma infection. 

Similarly, the loss ofJL-4 has minimal, but significant, effect on mycobacterial disease 

pathogenesis [173, 174]. However, the current study demonstrated that despite the 

apparent subtle effect on disease pathogenesis, the pattern of chemokine/cytokine mRNA 

profiles in the resident lung environment of IL-4_,_ mice was significantly affected. It is 

likely that the effect on generation of resistance against mycoplasma infection after 

immunization is a result of effects on Th cells. One possibility is that IL-4 production 

inhibits C08+ T cell activity in lungs, as suggested in studies with influenza virus [ 175]. 
\ 

COS+ T cells were shown to dampen mycoplasma respiratory disease severity [97], and 

the loss of IL-4 may result in reduced inflammatory responses in IL-4_,_ deficient mice. 

However, C04+ T cells, not COS+ T cells, appear to confer resistance to infection 

(Bodhankar, Woolard, and Simecka, Unpublished Manuscript). Thus, IL-4 responses 

dampen the development of mycoplasma-specific resistance after nasal pulmonary 

immunization, and the results further suggest that Th 1-type responses may mediate 

resistance. 
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Defining mechanisms that may play a role in a differential polarization ofTh cells 

will greatly influence the development of protective therapeutics. The site ofNK-T 

interactions in the humans is still unclear. However, knowing that NK cells are abundant 

in parafollicular areas of the human lymph nodes, suggests a possible location ofNK-T 

cell-cell interactions during the development of adaptive immune responses [ 176]. With a 

better understanding of the character and function of individual immune cells and their 

products, the current challenge in developing competent vaccines against mycoplasma 

respiratory disease is to delineate the role of a particular cell type in a greater context of 

an immune response. Future studies will examine the mechanisms associated with these 

phenomena and may indicate strategies for immune intervention in this and other, related 

pulmonary diseases. Generating mycoplasma-specific, polarized Th l and/or Th2-cell 

lines, in vitro, and employing these to clarify the immunoprotective/immunopathologic 

function in mycoplasma respiratory disease offers much promise. Since the depletion of 

cells or knocking out of specific genes is not a feasible option in humans, the 

identification of a specific mycoplasma antigenic repertoire that can result in distortion of 

the cytokine milieu conducive to the generation of protective immune responses is a 

plausible strategy. Another possible option would be to identify adjuvants to be used in 

the immunization protocol which can mediate differential polarization ofTh cells. 

Similarly, caution must also be taken in drawing conclusions about the role of each of the 

factors discussed above, since all the studies in this thesis were done in a mycoplasma

susceptible strain of mice, and results may vary in resistant strains. 
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In conclusion, studies in this thesis identify the roles ofNK cells, IFN-y and IL-4 

in context of protective adaptive immunity generated upon nasal-pulmonary 

immunization and their likely role in modulating the immune and/or inflammatory 

responses in the respiratory tract. Questions still remain in terms of the potential 

mechanisms that regulate the T helper cell activation. However, we strongly believe that 

our findings are imperative towards future ideas in developing therapeutics in respiratory 

immunity. Specifically defining the factors that dampen the generation of a proficient 

adaptive response will not only impact research in mycoplasma respiratory disease but 

also provide insights into prevention strategies for other respiratory diseases. 
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