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The purpose of these studies was to examine the role of regulatory T cells (Tregs) in 

mycoplasma respiratory disease. Depletion of Tregs resulted in increased disease severity. Treg-

depleted mice lost significantly more weight over the course of the experiment, and displayed a 

significantly higher incidence of both gross lung lesions and histological lung lesions at day 14 

post-infection. Treg depletion resulted in increased cell infiltration into the lungs by day 14 post-

infection, and significant increases in the serum levels of mycoplasma-specific antibodies. Treg 

depletion also led to an increase in the percentage of IL-13+ T cells in the LRNs, meaning that 

the immune response was skewed towards a Th2 phenotype. There were no differences observed 

in lung CFU. These data demonstrate that Tregs in mycoplasma respiratory disease play a role in 

inflammation and disease severity, but have no effect on bacterial clearance. Importantly, 

depletion of Tregs causes a Th2-directed shift in the immune response.  

Additional studies demonstrated that Tregs from mycoplasma-infected mice secreted 

IFN-γ or IL-17. IFN-γ+ and IL-17+ Treg populations both preferentially expanded in response to 

M. pulmonis infection. Depletion of Tregs resulted in decreased secretion of IFN-γ  

 



 

and IL-17 by CD4+ non-Treg cells. Cocultures of Tregs and T helper cells from mycoplasma-

infected mice secreted large amounts of IFN-γ and IL-17 when stimulated with mycoplasma 

membrane antigen. Levels of IL-4, IL-10, and IL-13 did not significantly increase in response to 

antigen. Together these studies demonstrate that mycoplasma respiratory disease is influenced by 

Tregs. These data further suggest that mycoplasma-specific Tregs include two unique 

subpopulations that express either IFN-γ or IL-17, and that these Tregs may promote the 

secretion of IFN-γ and IL-17 by T helper cells. This may represent a novel mechanism of Treg-

mediated immune suppression. This knowledge can assist in the development of treatments for 

mycoplasma respiratory disease and in the development of Treg-mediated therapies for a number 

of diseases.
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CHAPTER I 
 

 

INTRODUCTION TO THE STUDY 

 

 

Regulatory T cells (Tregs) are a specialized subset of traditional CD4+ T cells.  Tregs are 

a small portion of the cell population, usually comprising 1-10% of all CD4+ T cells in the 

thymus, blood, and lymph (1).  Unlike traditional T helper (Th) cells, which act to direct and 

augment the immune response, Tregs act to suppress or dampen the immune response.  They are 

believed to exist as controls on the body’s immune system, preventing immune responses from 

causing damage to the body’s own cells (known as immunopathology). The actual mechanisms 

of suppression by Tregs are still being defined, though cytokine secretion appears to be the main 

method of control. Several studies have demonstrated that Tregs secrete interleukin-10 (IL-10) 

and/or transforming growth factor-β (TGF-β) to suppress cell proliferation and activation (2). 

However, other methods of suppression, such as cytotoxicity or cytokine sequestration, may also 

play minor role (3-5).  

In recent years, copious amounts of research have led to a better characterization and 

increased understanding of the mechanisms of Treg cells.  Confirmation of the suppressive 

capabilities of Tregs led to theories that these cells could serve to limit damaging immune 

responses and prevent the induction of autoimmunity (6-9).  In addition, it was postulated that 
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Tregs might have a deleterious effect on individual health by dampening necessary immune 

responses, thus contributing to the spread of diseases such as cancer (10-12).  Much of the 

current research supports these theories, and there is now a rush to develop clinical applications 

that either augment or suppress Treg activity as a part of or in place of traditional disease 

therapies.  Current theories of Tregs also suggest that these cells should have an effect on the 

immune response against pathogens, possibly dampening pathogen clearance and contributing to 

development of chronic infections (13, 14).  However, surprisingly little research has been 

performed in the area of Tregs and infectious diseases. 

 Mycoplasma is a common respiratory pathogen that causes up to 30% of all community-

acquired pneumonia cases each year, the majority being the result of infection with Mycoplasma 

pneumoniae. Respiratory infection with M. pneumoniae is commonly known as “walking 

pneumonia” (15). M. pneumoniae infection is characterized by high morbidity and low mortality, 

with many infections persisting for weeks, some requiring hospitalization (more than 100,000 

people each year) (16, 17). Mycoplasma infections are also linked with exacerbation of a number 

of other diseases including increased severity of asthma and certain autoimmune conditions (16, 

18, 19).  

 One of the characteristics of mycoplasma respiratory disease is the persistence of 

infection despite the presence of an immune response. Previous work examining mycoplasma 

infections has revealed that a large component of the immune response is immunopathologic (20, 

21). Although the immune response does prevent the dissemination of the infection to other sites 

(21), there appears to be little correlation between the magnitude of the immune response and the 

burden of bacteria in the lungs, the primary site of infection, (20, 22, 23). It is the development 
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of the chronic inflammatory response that leads to the pathology characteristic of mycoplasma 

respiratory infections.  

 Given the presence of immunopathology in the lungs of mycoplasma infected animals, 

and the knowledge that Tregs may be very important in the control of such immune responses, it 

is important to examine the role of Tregs in mycoplasma respiratory disease.  An understanding 

of the role of Tregs under such conditions could be useful in developing possible immune-

mediated therapies for mycoplasma disease and contribute to a greater understanding of the 

behavior of Tregs, particularly regarding their role in infectious diseases.  The findings of these 

studies will demonstrate that Tregs do exert an important measure of control over the immune 

response to mycoplasma respiratory infections, and that they do so through a novel mechanism. 

 

The Immune System 

The immune system relies on complex interactions between organs, tissues, and cells that 

have evolved to recognize and respond to foreign antigens (antigens that are not naturally 

expressed within the body itself). Foreign antigens are distinguished from self-antigens through 

the identification of specific molecular patterns associated with invading organisms. Recognition 

of these patterns initiates a complex reaction from the immune system designed to kill, clear, or 

contain the threat. The nature of each reaction depends on a number of factors, mainly the 

characteristics of the pathogen itself, but also genetic factors, route of entry or invasion, and level 

of infection. Furthermore, the immune response can be divided into two phases that differ in 

timing, level of specificity, and cell types involved (20, 24, 25). 
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The Innate Immune Response 

 The innate immune response occurs sooner than the adaptive immune response by virtue 

of the fact that most of its components are already in circulation or resident in specific tissues. 

Once foreign pathogens make it past physiological barriers (skin, mucous membranes, acidity of 

the stomach environment) and general antimicrobial defenses (enzymes, antimicrobial peptides), 

they are dealt with by cells such as natural killer (NK) cells, neutrophils, and macrophages (24-

26). These cells can recognize a limited range of specific pathogen-associated molecular patterns 

through specialized receptors, such as Toll-like receptors and NOD receptors (27-29). In 

addition, NK cells are thought to recognize damaged host cells by the lack of expression of 

certain surface proteins, such as MHC class I (30). Through these mechanisms cells of the innate 

immune response can deal with a variety of different pathogens, but many organisms have 

evolved mechanisms to avoid this (24-26). 

The Adaptive Immune Response 

 The adaptive immune response is characterized by it specificity, often tailored to the 

recognition of a few select proteins expressed by the invading organism. However, it takes 

longer to develop than innate immune responses, normally beginning 3-7 days after initial 

pathogen exposure (24, 25). The first step in the development of an adaptive immune response is 

antigen presentation, which is accomplished chiefly by dendritic cells, but also by macrophages, 

and, in certain cases, B cells (20). When presented with antigen, T cells work with B cells to 

initiate humoral immune responses (antibody-mediated) and/or cell-mediated immune responses. 

This allows the immune system to specifically target pathogenic organisms or infected host cells 

through mechanisms such as phagocytosis and direct killing (20, 24, 25). 
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 In addition, T cells and B cells can become memory cells upon antigen exposure (31, 32). 

These cells retain specificity for a specific antigen and can react much more quickly upon 

secondary exposure. In the case of B cells, repeated exposures can increase the specificity of 

these memory populations as well as the magnitude of the resultant immune response (24, 25, 

33). 

 It is important to note that both the innate and adaptive immune responses actually 

interact to initiate and enhance the effectiveness of the host response. The initial antigen 

presentation events that initiate the adaptive immune response occur during the innate immune 

phase, and innate immune cells continue to be active even once the adaptive immune response 

has begun (26). Furthermore, cytokines produced by cells of the innate immune phase can 

influence and direct adaptive immune responses by stimulating specific cell functions and 

creating polarizing environments that skew the immune response in one direction or another 

(20). Antibodies produced during the adaptive immune response can also enhance phagocytic 

functions of innate immune cells (24, 25). 

 

Cytokines 

Cytokines are specialized proteins that are secreted by immune cells as well as non-

immune cells upon activation from a variety of stimuli (34). They generally are bound by cell-

surface receptors, leading to the activation of signaling cascades. Through these signals, 

cytokines can direct cell development, alter protein expression, and initiate apoptosis. Cytokines 

can thus direct the immune response by activating or inhibiting cells, directing antibody 

production, inducing proliferation, and/or regulating protein secretion including the secretion of 

other cytokines (24, 25, 34). 
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Interferon- γγγγ (IFN-γ) is the classic proinflammatory cytokine, capable of influencing a 

variety of cell types, both innate and adaptive (35). While many cells can produce IFN-γ, the cell 

types chiefly associated with its secretion are CD4+ T helper cells (Th), CD8+ cytotoxic T cells, 

and NK cells. IFN-γ can activate macrophages, stimulate the development of T helper cells, 

upregulate MHC class I and II on dendritic cells, and cause B cell class switching to IgG2a. 

Importantly, IFN-γ, which is strongly associated with type 1 Th cells (Th1), can inhibit the 

development, activation, and proliferation of type 2 Th cells (Th2) (24, 25, 35, 36). 

 Interleukin-4 and Interleukin-13 (IL-4 and IL-13) are strongly associated with the 

development and maintenance of Th2 responses (37). Th2 cells and mast cells can produce both 

cytokines, and these cytokines are capable of inducing B cell class switching to IgE, the isotype 

most often associated with allergies. In addition, both IL-4 and IL-13 can suppress Th1 responses 

(24, 25, 37, 38). 

 Interleukin-10 and Transforming Growth Factor-ββββ (IL-10 and TGF-β), like IL-4 and 

IL-13, are Th2-associated cytokines. IL-10 is capable of inhibiting Th1 responses by directly 

reducing T cell secretion of Th1-associated cytokines TNF-α, IL-1β, and IL-2 (39-42). It is also 

capable of suppressing antigen presentation, cytokine secretion, and phagocytic activities of 

macrophages. TGF-β can also block cytokine production, as well as cell maturation and 

proliferation, and cytotoxic activities. However, IL-10 and TGF-β are especially significant as 

they are the key cytokines produced by Tregs (14). Most studies of Tregs trace suppressive 

activity to the secretion of these two cytokines. Therefore, while other mechanisms of regulation, 

such as Fas-FasL interaction, cytokine sequestration, and direct cytotoxicity have been suggested 
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and/or observed, evidence indicates that secretion of IL-10 and TGF-β is the chief regulatory 

mechanism used by Tregs (24, 25, 39, 41, 43-46). 

 Interleukin-17 (IL-17) is traditionally associated with chronic inflammatory conditions, 

and is not generally considered to be part of the Th1 or Th2 lineage. Rather, IL-17 responses are 

part of the eponymous Th17 response, though recent work by Bai et al. demonstrated that IL-17 

could actually promote a Th1 response in Chlamydia muridarum infection (47). The importance 

of IL-17 in the response to infections is largely due to neutrophil recruitment (48, 49). 

 Traditionally, IL-17 is not associated with Tregs. However, recent studies indicate that 

there is a previously unrecognized link between Tregs and IL-17. Studies by Xu et al. 

demonstrated that in the presence of TGF-β and IL-6, Tregs can not only induce CD4+ T cells to 

differentiate into Th17 cells, but can also differentiate into Th17 cells themselves (50). This has 

been linked to Treg uptake of IL-2 (51). Similar results were recently seen in studies involving 

Candida albicans, where Tregs promoted the development of Th17 cells in vivo (52). Studies in 

a murine model of experimental autoimmune encephalomyelitis revealed the presence of Tregs 

that expressed both IFN-γ and IL-17 in peripheral lymphoid organs, though their role in disease 

was unclear (53). Furthermore, several studies in humans have shown that Tregs can produce IL-

17 under certain conditions (54-57). This connection between Tregs and IL-17 makes sense 

considering that inducible or adaptive Tregs and Th17 cells develop under similar conditions, 

namely in environments that contain TGF-β (51, 58). 
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T Cell Populations 

 T cells are critical in the induction and regulation of adaptive immunity. They also 

regulate inflammatory responses and perform effector functions (20). There are numerous T cell 

populations that mediate different activities. The major T cell populations are T helper cells, 

cytotoxic T cells, and regulatory T cells. The interaction of these cell populations among 

themselves and other immune cells often determine the outcome of infection.  

CD4+ T Helper (Th) cells can be divided into specific lineages: Th1, Th2, and the 

previously discussed Th17 (20). Th1 cells are associated with the classic proinflammatory 

immune response, which is used by the host to protect against a variety of threats including 

viruses, bacteria, and cancer. The role of Th1 cells is largely based on the secretion of 

proinflammatory cytokines, including IFN-γ and IL-2 (20, 24, 25). Th2 cells are generally 

associated with resistance to parasitic infections, though certain types of bacterial and viral 

infections can also elicit a Th2 response, though this is less common. Th2 cells are known to 

secrete cytokines such as IL-4 and IL-13 (20, 24, 25). Both of these types of immune responses 

are generally effective and specific, but both can also cause nonspecific damage if not properly 

controlled. Many autoimmune diseases have been linked to aggressive Th1 responses, and Th2 

responses are strongly associated with allergies and asthma (37, 59). In both of these cases, host 

damage is due largely to the actions of the immune response rather than any direct action by 

invading pathogens (a condition known as immunopathology). It is not yet clear why certain 

immune responses cause nonspecific damage, but the host immune system normally has 

regulatory controls in place to prevent such occurrences (24, 25, 60, 61). 

 CD8+ T Cells or Cytotoxic T cells (CTL), are capable of directly killing infected host 

cells by releasing perforin and apoptosis-inducing granzymes, as well through Fas-FasL 
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engagement (62, 63). As such, CD8+ T cells are important in intracellular infections, both viral 

and bacterial, as well as in killing of mutated host cells. In addition, CD8+ T cells are important 

sources of IFN-γ during infections, serving to bolster Th1 responses (24, 25, 64). 

 Interestingly, CD8+ T cells were originally thought to be a class of suppressive T cell, 

due to the observation that they could dampen certain Th cell responses (65). CD8+ T cells have 

been shown to suppress delayed-type hypersensitivity reactions, and transfer of CD8+ T cells was 

shown to transfer transplant and graft tolerance from one animal to another. It is believed that 

CD8+ T suppressor cells can develop in the presence of both antigen and TGF-β. The 

mechanisms behind suppression by CD8+ T cells are not well understood at this point (65, 66). 

Regulatory T Cells are a subset of CD4+ T cells.  Tregs comprise a small portion of the 

cell population, usually encompassing 1-10% of all CD4+ cells in the thymus, blood, and lymph 

(1).  Unlike traditional Th cells, Tregs act to suppress or dampen the immune response.  They are 

believed to exist as controls on the body’s immune system, preventing immunopathology.  Very 

early on, Tregs were implicated in autoimmune disorders.  A lack of Tregs was thought to be at 

least related to the onset of autoimmunity, if not the principal cause of it (10).  To date, Treg 

numbers have been found to be either abnormally low or poorly functioning in patients suffering 

from diseases such as lupus, rheumatoid arthritis, and myasthenia gravis (67-69).  Laboratory 

experiments have shown that adoptive transfer of Tregs into lab animals prone to type I diabetes 

results in improved prognosis and delay of disease onset (70).  Also, the presence of Tregs has 

been suggested to contribute to the progression of cancer.  Again, laboratory experiments have 

shown that depletion of Tregs can result in enhanced killing of tumor cells by the immune 

response (71). 
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First studied in the 1970’s, regulatory T cells, known then as suppressor T cells, were 

identified based on their ability to suppress antigen-specific immune responses.  It was some 

time before it was discovered that the specific type of T cell responsible was a subset of CD4+ T 

cells.  Even after that it was very difficult to study Tregs due to the lack of any known markers 

specific to the cell type.  As a result, the existence of regulatory T cells remained a very 

controversial idea for a long time.  In 1995, it was shown by Sakaguchi et al. that Tregs 

constitutively express the IL-2 receptor alpha chain, CD25, at a high level (72).  It has been 

theorized that this may be due to the continued T cell receptor (TCR) engagement of self-

antigens by these Tregs, resulting in a perpetually active state.  Thus, the characterization of 

Tregs as CD4+CD25hi cells became widely accepted.  Still, it remained somewhat difficult to 

distinguish Tregs from activated T helper cells, which also express CD25, albeit at lower levels.  

Recently, the association of the intracellular transcription factor forkhead box P3 (FoxP3) with 

Tregs has led to the most accurate characterization of Tregs to date: CD4+CD25hiFoxP3+ (73).  

While evidence indicates that other cell populations may also have suppressive capabilities, such 

as NKT cells, γδ T cells, and the aforementioned CD8+ suppressor cells, classical Tregs are by 

far the most highly studied, the best understood, and, as far as the current evidence indicates, the 

most important in controlling the body’s immune responses (6, 66, 74, 75). CD4+CD25hiFoxp3+ 

Tregs also have other distinguishing surface markers such as GITR, CTLA-4, CD103, CCR4, 

CD62L, and CD127lo, though the evidence of these markers as universal has yet to be established 

(76-82).   

The current predominant model dictates there are two main types of Tregs: Natural 

(central or endogenous) and adaptive (peripheral or inducible) (2, 14, 83-85).  Natural Tregs 

develop in the thymus, in the presence of thymic epithelial cells that express self-antigens.  
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Evidence indicates that self-reactive T cells are killed in the thymus during negative selection, 

thus eliminating any cells that could react to self-antigens and cause autoimmunity.  However, 

Tregs are thought to somehow escape this negative selection, since their proposed role in the 

immune response would require them to be at least minimally reactive in response to self-

antigens (2, 14).  Once these natural Tregs have been transported to peripheral tissues, they are 

believed to prevent the development of inflammatory responses by any self-reactive T cells that 

may have escaped negative selection (14, 86).   

Adaptive Tregs differ from natural Tregs in that they develop in the periphery from 

regular CD4+ cells.  Unlike natural Tregs, which are thought to recognize self-antigens, adaptive 

Tregs may recognize foreign antigens (2).  The signals that induce these adaptive Tregs to 

express Foxp3 are not well understood, though it is known that their development can be induced 

in vitro from CD4+ cells with antigen and IL-10 (2, 14). Adaptive Tregs may be difficult to 

identify, since they do not always express the same high levels of CD25 as their natural 

counterparts.  This may be related to the fact that adaptive Tregs, unlike their natural 

counterparts, are thought to recognize foreign antigens rather than self-antigens, and thus do not 

get activated unless foreign antigens are present. However, it is difficult to prove the accuracy of 

such a model, since only a few cases of antigen-specific adaptive Tregs have been reported (2, 

14, 87, 88). 

While the mechanisms of suppression of Tregs are still being defined, research seems to 

indicate that adaptive Tregs operate mainly through cytokine secretion, with IL-10 and TGF-beta 

thought to be the critical cytokines (2, 89, 90).  Both of these cytokines are associated with Th2 

type responses, and, as such, are at odds with the more common Th1 response.  Therefore, 

secretion of these cytokines by Tregs reduces or dampens Th1 inflammatory responses. Natural 
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Tregs are also known to function via secretion of IL-10, and/or TGF-beta.  However, in in vitro 

models, natural Tregs have been shown to have other suppressive mechanisms. This is 

demonstrated by the fact that blocking of IL-10 and/or TGF-beta does not always abolish the 

suppressive capabilities of these cells (3).  Some studies have suggested that natural Tregs may 

function through cytokine sequestration, preventing activation of other T cells by effectively 

consuming local IL-2, and recent studies have confirmed that this does occur under certain 

conditions (4, 45, 51).  Others suggest they may employ cytotoxicity, as they have been shown to 

express granzyme B and perforin.  In fact, in some mouse models, the absence of granzyme B or 

perforin results in reduced suppressive capability by Tregs(5).  These mechanisms have yet to be 

accurately described (2).  

Extensive work has been performed examining the function of Tregs in autoimmunity 

and cancer.  In contrast, relatively little work has been done in the area of Tregs and infectious 

diseases.  An intriguing theory in this field states that chronic infections may develop as a result 

of Treg actions to dampen the immune response to pathogens.  While the immune response may 

be adequate to prevent further spread of the infection, it may be too weak to clear the pathogen. 

Thus the possibility exists that one might achieve clearance of a chronic infection by blocking 

Treg activity, or depleting Tregs altogether. In experiments utilizing Leishmania major in a 

dermal infection model, Tregs were shown to be present in high proportion in chronic infection 

sites.  Transfer of Th cells and Treg cells into Rag knockout mice (Rag-/-) resulted in CFU 

numbers comparable to wild type infection.  However, transfer of Th cells alone resulted in 

significantly lower CFU numbers, suggesting that the presence of the Tregs hinders the ability of 

the immune response to control the infection (91).  In fact, one set of experiments examining the 

role of Tregs in malaria infection showed that the presence of Tregs allowed for spread of the 
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parasite and the death of the host, while depletion of the Tregs led to complete clearance of the 

pathogen and host survival (92).  However, there are certain dangers associated with removal of 

Tregs.  Notably, removal of this cell population may result in damaging immunopathology.  In 

models using herpes simplex virus (HSV) ocular infection and Schistosoma mansoni chronic 

infection, removal of Tregs results in damage to the eyes and the liver respectively (93, 94). 

Experiments examining the role of Tregs in respiratory syncytial virus infection in mice revealed 

that depletion of Tregs prior to infection led to increased disease, but no reduction in the viral 

load (95). Thus, the efficacy of Treg-mediated therapies can be unpredictable. 

Further complicating the matter, recent studies suggest that Tregs may be capable of 

producing non-Th2 cytokines. A population of human peripheral blood Tregs was found to 

secrete IL-17 when stimulated in vitro with IL-1β and IL-6. This was blocked by the addition of 

TGF-β to the cultures. These IL-17+ Tregs were found to retain suppressive capability (57). 

Another recent study in mice showed that Tregs could be stimulated to secrete IL-17 in the 

presence of TGF-β and IL-6. Whether these cells retained FoxP3 expression or fully 

differentiated into Th17 cells is unclear (50). In addition, as stated previously, a population of IL-

17+IFN-γ+FoxP3+ Tregs has recently been identified in a mouse model of experimental 

autoimmune encephalomyelitis (53). These studies suggest that the traditional model, which 

holds that CD4+CD25+FoxP3+ cells are Tregs that dampen responses through secretion of Th2-

associated cytokines IL-10 and/or TGF-β, may be oversimplified. 

 

Mycoplasma Respiratory Disease 

Mycoplasma is a common respiratory bacterium, causing up to 30% of all cases of 

community-acquired pneumonia.  One study detected M. pneumoniae, the most common 
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mycoplasma in humans, in over half of children above the age of 5.  This would make 

mycoplasma the single most common pathogen in humans.  While most cases of mycoplasma 

infection are not life threatening, some do require hospitalization (greater than 100,000 people 

per year).  Mycoplasmas have also been suggested to have a role in the exacerbation of chronic 

asthma and certain autoimmune conditions (16, 17, 20).   

While the human pathogen M. pneumoniae is capable of weakly infecting mice and rats, 

the difficulty of establishing the infection and mild nature of the resultant disease generally 

drives investigators to use a common mouse model of Mycoplasma pulmonis infection instead 

(96).  This well established model produces very clear clinical signs of disease within a few days 

of infection, and  has been shown to very closely mimic the M. pneumoniae disease in humans 

(22, 97). 

Research using this model has produced some very interesting results, such as the 

observation that the particular strain of mouse used in the model can make a drastic difference in 

the outcome of infection.  Common inbred mouse strains such as Balb/c and C3H/HeN are 

susceptible to intranasal infection with M. pulmonis, resulting in a chronic respiratory infection, 

usually resulting in death after a few weeks (98-100).  Clinical disease signs are obvious, such as 

ruffled fur, weight loss, labored breathing, and joint inflammation (20).  Sacrifice and dissection 

reveals the presence of edema and lesions in the lungs, as well as CFU numbers in the lungs and 

nasal passages.  CFU can also be found in the spleen and liver, indicating spread of the infection 

(20).  In striking contrast, C57/Bl6 mice are highly resistant to M. pulmonis, usually clearing the 

infection within a few days (98-100).  

There exists an interesting interplay between M. pulmonis and the adaptive immune 

response in mycoplasma-infected mice.  Specifically, immune responses can be 
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immunopathologic, but can also localize the infection to the lungs, preventing dissemination to 

other sites. Studies with severe combined immunodeficient (SCID) mice (T and B cell deficient) 

and athymic mice (T cell deficient) demonstrated that M. pulmonis infection resulted in a lower 

incidence of pulmonary lesions relative to infected wild type mice (23, 101). Adoptive transfer of 

lymphocytes into SCID mice prior to M. pulmonis infection restored the level of mycoplasma 

disease (21). Importantly, no difference in lung CFU was observed in these studies, providing 

further evidence that the development of disease is due to immunopathologic immune responses. 

Depletion of T cells from hamsters showed a similar reduction in lesions after infection with M. 

pneumoniae (102). However, while these immune responses appear to be detrimental in the short 

term, they have been shown to be important for preventing the spread of mycoplasma from the 

lungs. These same studies demonstrated that immunodeficient mice did not control dissemination 

of the infection, leading to the appearance of bacterial CFU in the spleen and liver (21, 23, 101). 

This is in agreement with observations in human M. pneumoniae infections, where 

immunocompromised patients developed nonrespiratory conditions such as arthritis and 

meningitis (103, 104).  

Studies utilizing M. pulmonis have shown that disease severity is directly related to Th 

cells. Depletion of these cells prior to infection led to significant decreases in disease severity, as 

measured by weight loss and lesion incidence (22). Since Th cell responses can be separated into 

Th1 or Th2 lineages, further studies were performed using  

IFN-γ-/- mice and IL-4-/- mice. Mice lacking IFN-γ (which polarizes immune responses towards 

Th2) developed more severe disease upon infection with M. pulmonis, though these differences 

were observed at an earlier time point (17). In contrast, mice lacking IL-4 (polarizing their 
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immune responses towards Th1) did not demonstrate any exacerbation of disease (17). These 

studies suggest that Th2 responses may be related to mycoplasma-associated immunopathology.  

CD8+ T cells also play a role in mycoplasma disease, though their role may be regulatory 

in nature. When CD8+ T cells were depleted from mice prior to infection with M. pulmonis 

disease severity increased (22). Similar results were observed in studies involving rats. F344 rats 

developed less severe disease after infection with M. pulmonis as compared to LEW rats (105-

107). This was connected to higher levels of CD8+ T cells in the lungs and draining lymph nodes 

of F344 rats compared to LEW rats. This effect may be due to the secretion of IFN-γ by CD8+ T 

cells, which could interfere with immunopathologic Th2 responses. 

Recently, studies by Sieve et al. also demonstrated a role for IL-17 in mycoplasma 

infection. IL-17 production increased during infection with M. pulmonis, a finding that agreed 

with previous work by Sun et al (48, 108). The source of IL-17 was found to be the CD4+ 

compartment. Mycoplasma CFU was increased in IL-17R-/- mice compared to wild type mice 

(C57/Bl6). In addition, blockade of IL-23 (a cytokine capable of stimulating IL-17 production by 

T cells) in a murine Mycoplasma pneumoniae infection model led to higher lung CFU at 24 

hours post-infection (109). 

Given the presence of immunopathology in the lungs of mycoplasma infected animals, 

and the implication that regulatory cells may be very important in the prevention of this damage, 

it was important to examine the role of traditional Tregs in mycoplasma respiratory disease.  An 

understanding of the role of Tregs under such conditions could be useful in developing possible 

immune-mediated therapies for mycoplasma disease, and could contribute to a greater 

understanding of the behavior of Tregs, particularly regarding their role in infectious diseases. 

The studies presented here demonstrate an important role for Tregs in controlling damaging 
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immune responses in mycoplasma respiratory infection. Depletion of these Tregs prior to 

infection leads to markedly increased disease severity, increased immune cell infiltration into the 

lungs, and a higher overall level of activation of the immune system. However, depletion of these 

cells actually shifts the immune response towards a Th2 lineage, rather than a Th1. Surprisingly, 

the Treg populations that respond during infection actually express IFN-γ or IL-17 rather than 

IL-10. Data from in vitro and in vivo experiments suggest that Tregs in this model may also 

promote the secretion of IFN-γ and/or IL-17 by other cell types, which may act against the 

normal Th2 immune response against mycoplasma lung infection. These findings may represent 

a novel mechanism through which Tregs can dampen immune responses.  
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CHAPTER II 
 
 
 

MATERIALS AND METHODS 

 
 
 

Mice. Female Balb/cAnNHsd wild-type mice, tested to be virus- and mycoplasma-free, 

were obtained from Harlan Laboratories (Indianapolis, IN). Mice were housed in sterile 

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

used in the study were between 6 and 8 weeks of age. Female mice were used in all studies. Prior 

to experimental infection, mice were anesthetized i.p. with diluted ketamine-xylazine. All animal 

studies were reviewed and approved by the University of North Texas Health Science Center 

Institutional Animal Care and Use Committee.  

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

cultures were grown as previously described in mycoplasma pleuropneumonia-like organism 

medium (Acumedia) and frozen in 1-ml aliquots at -80°C (110). For inoculation, thawed aliquots 

were dilute to 2 x 105 or 5 x 105 CFU/20 µl. Intranasal inoculations of 20 µl of diluted 

mycoplasma were given under light anesthesia for experimental infections. 

Preparation of M. pulmonis antigen. Crude preparations of M. pulmonis membrane 

antigen were used for in vitro stimulation of cells. Antigen was prepared as previously described 

(111). Briefly, M. pulmonis was cultured at 37°C in mycoplasma broth medium and harvested at 

pH 7. Cells were centrifuged at 10,000 rpm for 20 minutes, and resuspended in 5 ml sterile 0.25 
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M NaCl. Cells were centrifuged again, and resuspended in 4 ml of 2M glycerol at 37°C. Cells 

were then sonicated at the highest possible setting for 15 seconds using a Vibra cell sonicator 

(Sonics & Materials/Vibrio Cell, Newtown, CT), and incubated at 37°C for 10 minutes. Cells 

were then forced through a 27-gauge needle in 0.5 ml amounts into 25 ml aliquots of distilled 

water. Unlysed organisms were removed by a 20-minute centrifugation at 10,000 rpm. 

Supernatants containing the actual membrane antigen were centrifuged at 20,000 rpm for 1 hour. 

Membrane antigen was then resuspended in sterile PBS and stored at -80°C. Protein 

concentrations were determined using a Bradford protein assay (Bio-Rad, Hercules, CA).  

Anti-CD25 antibody-mediated regulatory T cell (Treg) depletion. Mice were given 

intraperitoneal injections of anti-CD25 (PC61) antibody (BioXCell, West Lebanon, NH), 0.5 mg 

per mouse (100 µl), at day -1 prior to infection, and again at day 6 post-infection. Depletion was 

confirmed by staining lymphocytes from spleen, lower respiratory lymph nodes, and lungs with 

PerCP-labeled anti-CD4 monoclonal antibody (BD Pharmingen, San Diego, CA), PE/Cy7-

labeled anti-CD25 mAb (Abcam, Cambridge, MA), and APC-labeled anti-FoxP3 mAb 

(eBioscience, San Diego, CA) followed by flow cytometry. Control mice were injected with 100 

µl sterile PBS.  

Determination of mycoplasma numbers. The number of colony forming units (CFU) in 

the lungs were determined as previously described (110). Briefly, lungs were placed in 1 ml of 

mycoplasma broth medium and minced. Samples were sonicated (Vibra cell sonicator; Sonics & 

Materials/Vibro Cell) for 1 minute at 50 amplitudes without pulsing. Serial dilutions were 

prepared, and 20 µl of each dilution was plated onto mycoplasma agar medium. Plates were 

incubated at 37°C for 7 days. Colonies were then counted and CFU were calculated. 
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Assessment of gross lesions. Lungs were removed, and each lobe was examined 

individually for the presence of gross lesions. The percentage of gross lesions on each lobe was 

estimated and recorded. Overall gross lesion scores were calculated with each score weighted by 

the percentage that each lobe contributes to the total lung weight, as previously described (112). 

Histopathology. Lungs were fixed in alcohol formalin (4% glacial acetic acid (Fisher 

Scientific), 6% formaldehyde solution (Fisher Scientific), 40% deionized water, and 50% of 95% 

ethanol). Tissues were embedded in paraffin, sectioned at a thickness of 5 µm, and stained with 

H&E for light microscopy by HSRL, Inc. (Mount Jackson, VA). Each lung lobe was sectioned 

separately. Histology slides were scored for lesion severity (scale of 0–4) on the basis of the 

characteristic lesions of murine respiratory mycoplasmosis, as described previously (113). Scores 

refer to: 1) peribronchial and perivascular lymphoid hyperplasia or infiltration (peribronchial 

infiltrate), or submucosal infiltrate in nasal passages; 2) neutrophilic exudate in airway lumina 

(airway exudate); 3) hyperplasia of airway mucosal epithelium (epithelial); 4) mixed neutrophilic 

and histiocytic exudate in alveoli (alveolar exudate). A score for each lesion was weighted 

according to the percentage each lobe contributes to the total lung weight in arriving at a total 

lesion score for each set of lungs. For each of the four lesions, a lesion index was calculated by 

dividing the observed lesion score by the maximum lesion score possible. Thus, the maximum 

lesion index possible for any lesion was 1.0. 

Lymphocyte Isolation. Mononuclear cells from lungs were isolated as previously 

described, with minor modifications (114). Briefly, lung lobes were dissected and placed into 

GentleMACS C tubes (Miltenyi Biotec, Auburn, CA), one set of lungs per tube, containing 

RPMI 1640 medium (HyClone Laboratories, Logan, UT), 300 U/ml Clostridium histolyticum 

type I collagenase (Worthington Biochemical, Freehold, NJ), 50 U/ml DNase (Sigma-Aldrich, 
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St. Louis, MO), 5% FBS (Hyclone Laboratories), 10 mM HEPES (Fisher Scientific, Pittsburgh, 

PA), and antibiotic/antimycotic solution (Cellgro, Manassas, VA). Lung samples were 

homogenized using a GentleMACS (Miltenyi Biotec) on the provided setting for mouse lungs, 

protocol 2. Homogenates were then incubated at 37°C while mixing on a Nutator (Fisher 

Scientific) for 20 minutes. Subsequently, the homogenates were filtered through a 250-µm nylon 

mesh. Cells were then purified through density-gradient centrifugation using Lympholyte M 

(Cedarlane Laboratories, Burlington, NC).  

Spleen and lower respiratory lymph nodes were pushed through a 250-µm nylon mesh, 

and cells isolated through centrifugation. This was followed by red cell lysis using ammonium 

chloride-potassium carbonate lysis buffer, or ammonium chloride-Tris lysis buffer. Total cells 

were counted using a Cellometer Auto T4 cell counter (Nexcelom Bioscience, Lawrence, MA). 

Flow cytometric analysis. Isolated cells were blocked with Fc block (anti-CD16/32; BD 

Pharmingen) and/or unconjugated Streptavidin (Invitrogen, Carlsbad, CA) and cell surface 

staining was performed on live cells resuspended in PBS containing 2% FBS. For intracellular 

FoxP3 staining, cells were fixed and permeabilized according to manufacturer’s instructions 

using fixation/permeabilization solution (eBioscience). For intracellular cytokine staining, cells 

resuspended in culture medium [RPMI 1640 media (HyClone Laboratories) containing 10% FBS 

(HyClone Laboratories), 10 mM HEPES (Fisher Scientific), antibiotic/antimycotic (Cellgro), and 

0.005% 2-mercaptoethanol (Sigma-Aldrich)]. Cells were treated with mycoplasma membrane 

antigen (5 µg/ml) overnight at 37°C with 5% CO2. The next day cells were treated with 50 ng/ml 

phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich), and 500 ng/ml ionomycin (EMD, 

Gibbstown, NJ). Cells were incubated for 1 hour, then treated with GolgiPlug, containing 

brefeldin A (1 µl/ml) (BD Pharmingen). Cells were incubated for 4 more hours. 
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The following antibodies were used for staining: anti-IFN-γ-Alexa Fluor (AF) 488, anti-

IL-13-PE, anti-F4/80-PE, anti-FoxP3-allophycocyanin (APC), anti-IFN-γ-APC, anti-CD127-

APC/AF750 (eBioscience), anti-CD11c-AF488, streptavidin-PE/AF610 (Invitrogen), anti-

CTLA-4-PE, anti-CD4-peridinin chlorophyll-α protein (PerCP), anti-CD8-PerCP (BD 

Pharmingen), anti-CD62L-biotin, anti-CD25-PE/Cy7, anti-DX5-APC/Cy7 (Abcam), anti-CD3-

PE/Cy7, anti-B220-APC, anti-GITR-AF700, anti-IL-17-AF700, and anti-CD44-APC/Cy7 

(Biolegend, San Diego, CA). Cells were analyzed using a BD LSRII Flow Cytometer and BD 

FACSDiva Software (BD, Fullerton, CA). Further data analysis was performed using FlowJo 

flow cytometry analysis software (Tree Star, Ashland, OR). To determine the total number of 

cells in a specific population, the percentage of stained cells was multiplied by the total number 

of cells recovered.  

Cell separations and adoptive transfers.  Cells were isolated using paramagnetic bead-

conjugated antibodies and AutoMACS (Miltenyi Biotec) following manufacturer’s instructions. 

Tregs and CD4+CD25- Th cells were isolated in a two-step process. First, CD4+ cells were 

isolated by negative selection. Cells were treated with a cocktail of biotin-anti-CD8, biotin-anti-

CD11b, biotin-anti-CD45R, biotin-anti-CD49b, and biotin-anti-Ter-119, followed by anti-biotin 

magnetic microbeads. These labeled cells were depleted from the samples, and the remaining 

cells were treated with anti-CD25-PE mAb. Cells were then treated with anti-PE magnetic 

microbeads and separated into two fractions: CD4+CD25+ Tregs, and CD4+CD25- Th cells. For 

in vitro cultures, whole splenocytes were treated with biotin-anti-CD3, followed by anti-biotin 

magnetic microbeads. CD3+ cells were depleted from the samples, and remaining cells were used 

as antigen-presenting cells (APC). 
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Previously isolated Tregs were washed to remove any remaining medium, and 

resuspended in PBS. Tregs were stained for flow cytometric analysis and confirmed to be >85% 

FoxP3+. 106 Tregs (100 µl) were then injected intravenously into the tail veins of mice using a 1-

ml syringe with a 32-gauge needle 1 day prior to infection with M. pulmonis.  

In vitro cultures. Some 96-well plates were incubated overnight at 37°C with 0.5 µg/ml 

anti-CD3 antibody (BD Pharmingen) in culture media. Tregs, CD4+ Th cells, or APCs were 

isolated as described previously. 105 of each kind of cell suspended in culture medium were 

seeded into the wells of a 96-well plate. Samples in anti-CD3 coated wells were treated with 

anti-CD28 antibody (2.5 µg/ml) (BD Pharmingen), and incubated at 37°C, 5% CO2 for 4 days. 

Other samples were treated with APCs and 5 µg/ml of mycoplasma membrane antigen. These 

plates were incubated for 6 days, and supernatants were collected. 

Cytokine measurements. Levels of IFN-γ, IL-4, IL-10, IL-13, and IL-17 were measured 

in the supernatants from the in vitro cultures. Cytokine levels were measured using a custom 

Bio-Plex kit (Bio-Rad), and 96-well filter-bottom plates. Samples were analyzed according to 

manufacturer’s instructions. Final readings were obtained using a Bio-Plex 100 system (Bio-

Rad), and actual cytokine concentrations were determined by comparison with standard curves 

generated from murine recombinant cytokines. Data were analyzed using Bio-Plex Manager 

software (Bio-Rad). 

Measurement of TGF-ββββ by ELISA. The levels of TGF-β in supernatants were measured 

by capture ELISA, using an eBioscience Ready-SET-Go ELISA kit (eBioscience). Briefly, 

Probind 96-well flat-bottom microtiter plates (BD Biosciences) were coated overnight at 4°C 

with capture antibody. Plates were washed with PBS/0.01% Tween 20 and blocked with assay 

diluent. Supernatant samples were treated with 1M HCl to activate latent TGF-β, followed by 
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neutralization with 1N NaOH. Following another wash, samples were added to the plate and 

incubated. Following another wash, biotinylated detection antibody was added to the plate. After 

another wash, plate was treated with Avidin-HRP, and incubated. After a final wash, plate was 

treated with 3,3’,5,5’-tetramethylbenzidine substrate (TMB, Moss, Pasadena, MD). After 15 

minutes stop solution was added and the plate was read using a Synergy HT Multi-Mode 

Microplate Reader (Biotek, Winooski, VT) at an absorbance of 450 nm. Cytokine levels were 

determined by comparison with standard curves generated from recombinant TGF-β after log/log 

quadratic linear regression analysis using Gen5TM Data Analysis Software (Biotek). 

Determination of M. pulmonis specific antibody levels. To prepare Ag for ELISA, M. 

pulmonis was cultured at 37°C in mycoplasma broth medium for 3 days and harvested.  M. 

pulmonis broth was adjusted to 5 mg/ml protein concentration.  Lysis buffer was added (4.2 g 

NaHCO3/L and 5.3 g Na2CO3/L, pH 10.0), warmed to 37°C, and added to the M. pulmonis stock.  

This was incubated at 37°C for 15 minutes.  Then 2.2 g of boric acid was added for every 100 

mls lysis buffer, and solution was frozen at -80°C.  Protein concentration was determined by 

Bradford assay. 

Falcon 96-well flexible assay plates (BD Biosciences) were coated with optimal 

concentrations of M. pulmonis antigen (100 µl at 10 µg/ml) in PBS.  After overnight incubation 

at 4°C, plates were washed three times with PBS-0.05% Tween 20 and blocked overnight at 4°C 

with 1% milk in PBS.  Plates were again washed three times with PBS-0.05% Tween 20.  Serum 

samples were initially diluted 1:400 for IgG and IgM, and 1:200 for IgA.  These were then 

serially diluted 1:2 with 1% milk.  100 µl was placed in each well, and plates were incubated 

overnight at 4°C.  Plates were washed five times with PBS-0.05% Tween 20.  Secondary 

antibody (biotinylated anti-mouse antibody stock reagents of 0.5 mg/ml; Southern Biotechnology 
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Associates, Birmingham, AL) were diluted 1:5000 for IgG and IgM, and 1:2000 for IgA in 1% 

milk and added to the appropriate wells (100 µl/well).  Plates were incubated at room 

temperature for five hours.  Plates were washed three times with PBS-0.05% Tween 20.  A 

1:2000 dilution of HRP-conjugated streptavidin (neutralite avidin; Southern Biotechnology 

Associates) in 1% milk was added to each plate (100 µl/well), and plates were incubated for 1 

hour at room temperature.  Plates were then washed three times with PBS-0.05% Tween 20, and 

once with PBS.  Reaction mixtures were developed at room temperature by addition of 100 µl of 

3,3’5,5’-tetramethylbenzidine peroxidase substrate (Moss, Pasadena, CA) in each well.  Plates 

were read using a BioTek Synergy HT plate reader and Gen5 software (BioTek, Winooski, VT) 

at an absorbance of 630 nm.  Endpoint antibody titers were expressed as the reciprocal dilution 

of the last dilution that gave an OD of 0.1 U above the OD of negative controls after a 10-15 

minute incubation.   

Statistical analysis. Data were evaluated by ANOVA, followed by Tukey’s post-test 

comparisons. Analyses were performed using StatView (SAS Institute, Cary, NC) or Prism 

software (Graphpad Software, La Jolla, CA). A p value <0.05 was considered statistically 

significant. Results are expressed as means ± standard errors of the means (SEM). When 

appropriate, data were logarithmically transformed before statistical analysis.  
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CHAPTER III 
 
 
 

RESULTS 

 
 
 

Regulatory T cells (Treg) increase in the draining lymph nodes during the course of M. 

pulmonis infection, and display a classical Treg phenotype.  

In order to determine the changes in Treg numbers along the lower respiratory tract 

during mycoplasma disease pathogenesis, Balb/c mice were infected intranasally with 2 x 105 

CFU of M. pulmonis and sacrificed at various time points. Cells were isolated from the lungs, 

lower respiratory lymph nodes (LRN), and spleens. Numbers of CD4+CD25+FoxP3+ Tregs were 

determined using flow cytometry. Cells were also stained for the expression of CTLA-4, 

glucocorticoid-induced TNF-like receptor (GITR), and CD127.  

The absolute number of Treg cells in the LRNs began to increase after day 3 post-

infection, reaching almost a three-fold increase by day 7 compared to day 0. This increase 

continued through day 14 post-infection resulting in more than an eight-fold increase in total 

CD4+CD25+FoxP3+ cells (Figure 1a). This corresponded with an overall increase in total cells in 

the LRNs through day 14. Total cell numbers in the lungs also increased significantly between 

days 5 and 14 post-infection (Fig. 1b). Tregs were found to be present in the lungs during 

infection, but their numbers did not increase significantly.  
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Figure 1. Kinetics of Tregs and total cells in mycoplasma-infected mice. Mice were infected 

with M. pulmonis and sacrificed on days 0, 3, 5, 7, and 14 post-infection. Lymphocytes were 

isoalted from lower respiratory nodes (LRN) (a) and lungs (b). Tregs are defined as 

CD4+CD25+FoxP3+. An asterisk (*) indicates a significant difference (p<0.05) day 14 cell 

numbers versus day 0 cell numbers. Error bars represent the mean +/- SE (n=9). 
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No significant increases in either total cells or Treg cells were observed in the spleens at any 

time point (data not shown).  

The majority of Tregs in the LRNs were found to express high levels of CTLA-4 and 

GITR as compared to CD4+ effector T cells (Fig. 2). In addition, Tregs displayed little to no 

CD127 as compared to CD4+ cells. Similar results were observed in the lungs (data not shown). 

This indicates that the dominant phenotype of Tregs in both the lungs and the LRNs during M. 

pulmonis infection is CD4+CD25+FoxP3+CTLA-4+GITR+CD127lo. The expression levels of 

these markers on the Tregs did not significantly change at any time during the infection (data not 

shown). These data show that M. pulmonis infection results in an increase in total lymphocytes in 

both the LRNs and lungs during the course of infection, as well as an increase in Tregs in the 

LRNs. The preferential expansion of the Treg population in the draining lymph nodes suggests 

that these cells do play a role in the immune response to mycoplasma infection. It also suggests 

that the primary site of action of Tregs may be the LRNs, rather than the lungs. In addition, flow 

cytometry staining shows that the Tregs found in the lungs and LRNs during infection express all 

the markers of classical Tregs (70, 73, 76-82).  
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Figure 2. Expression of CTLA-4, GITR, and CD127 on Tregs. Mice were infected with M. 

pulmonis and sacrificed at days 0, 3, 5, 7, and 14 post-infection. Lymphocytes were isolated from 

LRNs. Black lines represent Tregs (CD4+CD25+FoxP3+) while gray lines represent CD4+CD25-

FoxP3- Th cells. Data are from a representative LRN sample. Experiment was performed three 

times (n=9). 
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Administration of anti-CD25 antibody effectively depletes Tregs without impacting other 

cell populations.  

Since the previous experiment demonstrated that Tregs expand in response to 

mycoplasma infection, we next wanted to determine whether Tregs play a role in mycoplasma 

respiratory disease. A common approach for studying Tregs in vivo is to use an anti-CD25 

antibody to deplete Tregs. CD25, while highly expressed on Tregs, is also expressed on other 

activated lymphocytes (115). Therefore, it was important to confirm that administration of this 

antibody did not deplete a significant number of non-Treg cells. Also, it was necessary to 

confirm the efficacy of the antibody at depleting Tregs themselves.  

Balb/c mice were intraperitoneally administered 0.5 mg of anti-CD25 depleting antibody 

(PC61) or PBS, followed by a second dose 7 days later. Cells were isolated from lungs and 

LRNs 7 and 14 days after the initial antibody dose, and stained for CD4, CD8, CD25, FoxP3, 

CD11c, F4/80, B220 (CD45R), and DX5 (CD49b). These cells were analyzed using flow 

cytometry.  

CD25-mediated depletion led to significant decreases in CD4+CD25+FoxP3+ cells in both 

the LRNs and lungs on day 14 (Fig. 3). No significant differences were seen in any of the other 

cell populations (Table I). This confirms the relative specificity of this antibody for CD25-

expressing Tregs. 
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Figure 3. Percentages of Tregs in LRNs and lungs with or without Treg depletion. Mice 

were given 100 µls (0.5 mg) of anti-CD25 depleting antibody or PBS control on day -1, followed 

by a second dose at day 6 post-infection. Mice were sacrificed at day 14, and cells were 

harvested from LRNs and lungs. An asterisk (*) represents a significant (p<0.05) difference Treg 

depletion versus PBS. Vertical bars and error bars represent means +/- SE (n=3). 
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Table I. Surface Markers in Control versus Treg-Depleted Mice (Uninfected) 
     Cell Type Percentagesa (SD)   
       
   Control Treg Depleted 

ORGANb 
SURFACE 
MARKER c DAY 7d DAY 14 DAY 7 DAY 14 

       
LRN B220 (B cells) 5.43 (2.4) 9.39 (3.4) 7.84 (2.1) 11.82 (3.3) 
 CD11c (DC) 7.50 (4.0) 9.21 (2.7) 7.49 (3.9) 10.19 (2.3) 
 F4/80 (Mac) 4.92 (1.0) 2.81 (1.4) 3.67 (0.5) 2.62 (1.5) 
 DX5 (NK) 4.88 (2.5) 4.73 (0.8) 3.59 (1.5) 3.96 (0.4) 
 CD8 (CTL)  23.97 (22.1) 24.51 (17.5) 15.39 (14.2) 17.37 (11.0) 
 CD4 (Th)  46.17 (5.2) 55.83 (9.1) 44.82 (6.3) 49.28 (18.3) 
              
LUNG B220 (B cells) 6.76 (2.6) 5.69 (1.2) 6.40 (2.6) 4.36 (1.0) 
 CD11c (DC) ----e 8.66 (0.1) ---- 7.43 (0.6) 
 F4/80 (Mac) ---- ---- ---- ---- 
 DX5 (NK) ---- ---- ---- ---- 
 CD8 (CTL)  1.19 (0.4) 1.52 (0.2) 1.56 (0.6) 1.49 (0.4) 
 CD4 (Th)  30.83 (7.3) 42.53 (4.7) 30.78 (8.9) 38.34 (4.8) 
       
aData is expressed as the percentage of live cells (n=3)   
bSource of cells      
cAbbreviations: DC- Dendritic Cells; Mac - Macrophages; NK - Natural Killer cells; CTL - Cytotoxic 
T Lymphocytes; Th - T Helper Cells 
dDays post-infection      
eData was not collected      
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Treg depletion prior to infection leads to an increase in disease severity.  

To determine the effect of Treg depletion on mycoplasma respiratory disease, Balb/c 

mice were given 0.5 mg anti-CD25 depleting antibody or PBS 1 day prior to infection with 2 x 

105 CFU M. pulmonis, and then given a second dose of antibody at day 6 post-infection. Body 

weights of individual mice were monitored every other day, and mice were sacrificed at 14 days 

post-infection. Lungs were visually assessed for the presence of gross lesions, and processed for 

CFU and histopathology.  

CD25+ cell (Treg) depletion caused significantly more severe disease in infected mice. 

Mice that were Treg-depleted lost significantly more weight over the course of the infection as 

compared to mice that received no depleting antibody (Fig. 4). Mice that were Treg-depleted and 

subsequently infected lost >30% of their initial body weight, while infected mice that received 

no Treg-depleting antibody lost <7% of their body weight. Mice that did not receive depleting 

antibody prior to infection lost weight steadily over the course of the experiment, while mice that 

were Treg-depleted prior to infection lost weight steadily through day 5, then began to lose 

weight very quickly between days 5 and 7. This sharp weight loss continued through day 9, then 

leveled off. Uninfected control mice that received only the anti-CD25 antibody or PBS did not 

lose any weight. Thus, Treg depletion resulted in increased disease. 

There was also an increase in pulmonary disease in mycoplasma infected mice when 

treated with anti-CD25 antibody. The lungs of Treg depleted mice had increased severity of 

gross lesions as compared to mice that were not CD25-depleted (Fig. 5). Furthermore, 

histopathologic examination showed that Treg-depleted mice had higher peribronchial 

infiltration, neutrophilic airway exudate, epithelial hyperplasia, and alveolitis lesion indices 
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relative to infected, non-depleted mice, as determined through histopathology (Figs. 6,7). Thus, 

there was an increase in all characteristic lesions of mycoplasma disease in the absence of Tregs. 

 Interestingly, there were no significant differences in the numbers of mycoplasmas 

recovered from the lungs of Treg depleted and control mice after mycoplasma infection (Fig. 8). 

Thus, the increase in disease severity seen in Treg depleted mice did not correspond with a 

change in the bacterial burden in the lungs. This suggests that the increased disease was not due 

to a change in the levels of bacteria, but rather to increased inflammatory reactions.   
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Figure 4. Weight loss of control and Treg-depleted mice during mycoplasma infection. Mice 

were given 100 µls (0.5 mg) of anti-CD25 depleting antibody or PBS control one day prior to 

infection with 2 x 105 CFU M. pulmonis, followed by antibody or PBS at day 6 post-infection. 

Weights were monitored every other day. Data is expressed as the percentage of initial weight 

measured at day 0. An asterisk (*) indicates a significant difference (p<0.05) from other groups. 

Error bars represent SE (n=8).



36 

 

PBS Treg Depleted

30

40

50 *

Gross Lesion ScoresA)

PBS

Treg Depleted

B)

 

Figure 5. Lung lesion incidence in control and Treg-depleted mice at 14 days post-infection. 

Mice were administered 100 µls (0.5 mg) of anti-CD25 depleting antibody or PBS control one 

day prior to infection with 2 x 105 CFU M. pulmonis, and then given a second dose of antibody 

or PBS at day 6 post-infection. Lungs were visually assessed for the presence of gross lesions 

(a). Representative lungs are shown (b). The lungs of the PBS-treated mouse are small and 

display few gross lesions. The lungs of the Treg-depleted mouse are larger, and the left lobe 

appears fully necrotic. An asterisk (*) represents a significant (p<0.05) difference. Vertical bars 

and error bars represent means +/- SE (n = 24). 
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Figure 6. Lung lesions in control, infected, and Treg-depleted/infected mice at 14 days post-

infection. Mice were administered 100 µls (0.5 mg) of anti-CD25 depleting antibody or PBS 

control one day prior to infection with 2 x 105 CFU M. pulmonis, and then given a second dose 

of antibody or PBS at day 6 post-infection. At 14 days post-infection lungs were fixed for 

histology. Representative sections from one experiment are shown. 
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Figure 7. Lesion severity of lungs infected with M. pulmonis with or without Treg depletion 

at day 14 post-infection. Mice were given 100 µls (0.5 mg) anti-CD25 depleting antibody or 

PBS control 1 day prior to infection with 2 x 105 CFU M. pulmonis, followed by a second dose 

of antibody or PBS at day 6 post-infection. Lungs were fixed for histology. Lesion index scores 

refer to: 1) peribronchial and perivascular lymphoid hyperplasia or infiltration (peribronchial 

infiltrate) in lung or submucosal infiltrate in nasal passages; 2) neutrophilic exudate in airway 

lumina (airway exudate); 3) hyperplasia of airway mucosal epithelium (epithelial); 4) mixed 

neutrophilic and histiocytic exudate in alveoli (alveolitis). Vertical bars and error bars represent 

means +/- SE (n = 3). 
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Figure 8. Mycoplasma CFU from the lungs of control or Treg-depleted mice at 14 days 

post-infection. Mice were given 100 µls (0.5 mg) of anti-CD25 depleting antibody or PBS 

control one day prior to infection with 2 x 105 CFU M. pulmonis, followed by a second dose at 

day 6 post-infection. Vertical bars and error bars represent the mean +/- SE (n=26). 
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Treg depletion coupled with M. pulmonis infection causes increased lung cell infiltration, 

and increased serum antibody responses. 

 The previous studies demonstrate that mycoplasma disease is more severe in the absence 

of CD25+ Treg cells, including an increased infiltration of lymphocytes along the airways. In 

addition, increased severity of clinical signs corresponded with the time point when adaptive 

immunity was previously shown to become apparent. To examine whether there was a 

preferential change in mononuclear cell populations or antibody responses against mycoplasma 

in the absence of CD25+ cells, Balb/c mice were administered 0.5 mg of anti-CD25 antibody one 

day prior to infection (day -1) with 2 x 105 or 5 x 105 CFU M. pulmonis. Mice were again given 

0.5 mg of anti-CD25 antibody at day 6 post-infection. Mice were sacrificed at days 7 and  

14 post-infection, and cells were isolated from spleens, LRNs, and lungs. In addition, blood was 

collected, and serum was used in ELISAs to measure levels of mycoplasma-specific IgG, IgM, 

and IgA.  

Changes in cell numbers in lungs corresponded with increased disease severity due to 

anti-CD25 antibody treatment. Treg depletion led to an increase in the total cells in the lungs by 

day 14 post-infection as compared to mice that received no depleting antibody (Fig. 9). Total 

cells in the LRNs of infected Treg-depleted mice were not significantly higher compared to 

infected non-depleted mice. However, there were no significant differences in cell numbers in 

the spleens (data not shown). The increases in cell counts did not appear to be due to the 

expansion of any specific cell population, as no significant changes in the percentages of CD4, 

CD8, CD11c, B220, DX5, or F4/80-expressing cells were observed at any time point in any 

organ (Table II). Thus, the depletion of Treg cells resulted in the increased infiltration of  all 
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major lymphocyte populations (T, B, and NK cells), as well as macrophages into the lungs of 

mycoplasma infected mice.  

Serum levels of mycoplasma-specific IgG, IgM, and IgA were all significantly higher in 

infected Treg-depleted mice as compared to infected non-depleted mice (Fig. 10). These data 

show that Treg-depletion prior to infection leads to an increase in the overall magnitude of the 

immune response, as indicated by higher lung cell counts and higher levels of mycoplasma-

specific serum antibodies.  
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Figure 9. Total cell counts in the LRNs and lungs of Treg-depleted mice at 14 days post-

infection. Mice were given 100 µls (0.5 mg) of anti-CD25 depleting antibody or PBS control 1 

day prior to infection with 2 x 105 CFU M. pulmonis, followed by another dose at day 6 post-

infection. Mice were sacrificed at day 14 post-infection and cells were isolated from LRNs and 

lungs. An asterisk (*) represents a significant (p<0.05) difference Treg-depleted lungs versus 

PBS lungs. Vertical bars and error bars represent means +/- SE (n=8). 
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Table II. Surface Markers in Control versus Treg-Depleted Mice (Infecteda) 
     Cell Type Percentagesb (SD) 
       
   Control Treg Depleted 

ORGANc 
SURFACE 
MARKER d DAY 7e DAY 14 DAY 7 DAY 14 

       
LRN B220 (B cells) 11.09 (5.4) 9.52 (2.0) 12.51 (4.7) 9.39 (4.2) 
 CD11c (DC) 5.56 (2.2) 12.93 (0.3) 6.92 (2.5) 10.92 (4.8) 
 F4/80 (Mac) 3.78 (0.6) 2.99 (0.2) 4.21 (0.8) 2.96 (0.6) 
 DX5 (NK) 3.75 (1.2) 4.93 (0.4) 4.34 (1.3) 4.30 (1.0) 
 CD8 (CTL)  24.63 (21.2) 19.26 (16.8) 22.84 (12.2) 24.43 (20.7) 
 CD4 (Th)  44.88 (5.0) 51.57 (15.0) 47.63 (6.9) 45.57 (13.2) 
              
LUNG B220 (B cells) 6.58 (1.0) 4.83 (1.3) 5.5 (2.8) 4.42 (1.2) 
 CD11c (DC) ----f 8.03 (0.9) ---- 7.00 (0.4) 
 F4/80 (Mac) ---- ---- ---- ---- 
 DX5 (NK) ---- ---- ---- ---- 
 CD8 (CTL)  1.43 (0.7) 1.25 (0.3) 1.30 (0.3) 1.41 (0.5) 
 CD4 (Th)  30.83 (7.3) 42.22 (4.5) 35.00 (9.0) 41.52 (5.6) 
       
aBalb/c mice were intranasally infected with 5 x 105 CFU M. pulmonis 
bData is expressed as the percentage of live cells (n = 3)   
cSource of cells      
dAbbreviations: DC- Dendritic Cells; Mac - Macrophages; NK - Natural Killer cells; CTL - 
Cytotoxic T Lymphocytes; Th - T Helper Cells 
eDays post-infection      
fData was not collected 
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Figure 10. Serum Ig Titers of Treg-depleted or PBS-treated mycoplasma infected mice at 

14 days post-infection. Mice were given 100 µls (0.5 mg) anti-CD25 depleting antibody or PBS 

control 1 day prior to infection with 2 x 105 CFU M. pulmonis, followed by a second antibody or 

PBS dose at day 6 post-infection.  Antibody titers were determined for mycoplasma-specific 

IgG, IgM, and IgA.  Data was analyzed after log2 transformation. An asterisk (*) represents a 

significant (p<0.05) difference Treg Depleted/Infected versus PBS/Infected. Vertical bars and 

error bars represent means +/- SE (n=16). 
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Treg-depletion does not significantly alter the activation level of lymphocytes. 

 To examine if Treg depletion affected the activation of cells, mice were administered 

anti-CD25 antibody as previously, and infected with 5 x 105 CFU M. pulmonis. Mice were 

sacrificed at days 7 and 14 post-infection, and cells were isolated from lungs and LRNs. Cells 

were then stained for expression the activation markers CD44 and CD62L. 

No significant increases in the percentage of activated lymphocytes were found in either 

the LRNs or the lungs, as measured by CD62L expression, at any time point (Fig. 11). Similarly, 

there were no differences in the percentage of CD44+ cells at any time point (data not shown). 

This suggests that the increase in immunopathology observed in these mice is likely not due to a 

higher percentage of activated lymphocytes. 

 

Treg depletion skews the immune response towards a Th2 phenotype. 

 Since the increase in disease could not be strongly connected with any specific cell type 

or to the overall levels of cell activation, the possibility existed that the depletion of Tregs was 

disrupting the Th1/Th2 balance, since this is a mechanism through which Tregs can act (2, 89, 

90). Mice were administered anti-CD25 antibody as before, and infected with 5 x 105 CFU M. 

pulmonis. Mice were sacrificed at days 7 and 14 post-infection, and CD4+ cells from LRNs and 

lungs were stained for intracellular IFN-γ and IL-13. 

 Surprisingly, Treg depletion prior to infection caused a shift in the immune response 

towards Th2, as evidenced by higher levels of IL-13 relative to IFN-γ in the LRNs (Fig. 12). This 

was observed at both days 7 and 14 post-infection. No significant differences were observed in 
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Figure 11. CD62L expression in lungs and LRNs of mice infected with M. pulmonis or 

sham, with or without Treg depletion. Mice were given 100 µls (0.5 mg) anti-CD25 depleting 

antibody or PBS 1 day prior to infection with 5 x 105 CFU M. pulmonis, followed by a second 

antibody dose at day 6 post-infection. Mice were sacrificed at days 7 and 14 post-infection, and 

lungs (a) and LRNs (b) were harvested. Vertical bars and error bars represent means +/- SE 

(n=6).  
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Figure 12. Levels of IFN-γγγγ and IL-13 in the LRNs of M. pulmonis infected mice. Mice were 

given 100 µls (0.5 mg) of anti-CD25 depleting antibody or PBS control 1 day prior to infection 

with 5 x 105 CFU M. pulmonis, followed by a second antibody dose or PBS at day 6 post-

infection. An asterisk represents a significant (p<0.05) difference IL-13 versus IFN-γ. Vertical 

bars and error bars represent means +/- SE (n=6). 
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the lungs at any time point (data not shown). These data suggest that the increased 

immunopathology caused by Treg depletion is due to an enhancement of the Th2 response, 

which subsequently impacted disease progression. 

 

Tregs from infected mice produce IFN-γ, IL-17, and IL-10 in response to antigen-specific 

stimulation. 

 Classical Tregs are known to suppress immune responses through the secretion of IL-10 

and/or TGF-β(14). Both of these cytokines are associated with Th2 responses. Therefore, it was 

surprising to find that the absence of Tregs actually led to an increase in the Th2 immune 

response rather than the Th1. We decided to examine the cytokines produced by Tregs. Since 

Tregs can be specific for foreign antigens or self-antigens (2), we examined both antigen specific 

and polyclonal activation of CD4+CD25+ Treg cells from LRN. Mice were infected with M. 

pulmonis and sacrificed at day 8 post-infection. Tregs were isolated from LRNs and cultured for 

4 days in the presence of anti-CD3 and anti-CD28 antibodies (polyclonal activation), or for 6 

days in the presence MMA and antigen-presenting cells (CD3-depleted naïve splenocytes) to 

assess mycoplasma-specific activation. Supernatants were then assayed for the levels of IL-4, IL-

13, IL-10, IL-17, IFN-γ, TGF-β. 

 Tregs produced a high amount of IL-17 and detectable levels of IFN-γ in response to 

MMA (Fig. 13). Polyclonal stimulation (anti-CD3/anti-CD28) also caused Tregs to produce IL-

17 and IFN-γ. Low levels of IL-10 were also produced in response to both MMA and anti-

CD3/anti-CD28 stimulation. Treg cells did not produce either IL-13 or TGF-β in response to 

polyclonal or mycoplasma antigen stimulation. These data suggest that Tregs are capable of 

producing IFN-γ and IL-17 in response to mycoplasma. 
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Figure 13. Treg production of IFN-γ, IL-17, and IL-10 in response to MMA and anti-

CD3/anti-CD28 stimulation in vitro. Mice were infected with 5 x 105 CFU M. pulmonis and 

sacrificed at 8 days post-infection. Tregs were isolated from  LRN and stimulated with anti-CD3 

and anti-CD28 antibodies, or MMA and antigen-presenting cells (APC). Cultures were incubated 

for either 4 days (anti-CD3/CD28) or 6 days (MMA). IFN-γ, IL-17, and IL-10 concentrations in 

supernatants were measured. Bars represent means +/- range (n=2). 
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IL-17+ and  IFN-γγγγ+ populations of Tregs expand in response to mycoplasma infection. 

 To confirm that IL-17+ and/or IFN-γ producing Tregs developed in response to 

mycoplasma infection, mice were infected with 5 x 105 CFU M. pulmonis, and sacrificed at 7 

and 14 days post-infection. Cells were isolated from lungs and LRNs, and they were 

immunofluorescently stained for expression CD4, CD25 and intracellular FoxP3, IL-17 and IFN-

γ. 

IFN-γ+ Tregs and IL-17+ Tregs were found in the LRNs of infected mice (Fig. 14). IFN-γ
+ 

This was also true for Tregs in the lungs (data not shown). There were no double positive (IFN-

γ
+IL-17+) Tregs observed in either organ. Although a majority of Tregs did not express either of 

these cytokines, the Treg compartment in mycoplasma-infected mice included a subpopulation of 

IFN-γ+ Tregs, and a subpopulation of IL-17+ Tregs. 

 To determine if these subpopulations responded to infection mice were infected with 5 x 

105 CFU M. pulmonis, and sacrificed at days 7 or 14 post-infection. Cells were isolated from 

LRNs and lungs and stained for IL-17 and IFN-γ.  

 The percentage of both IFN-γ-expressing Tregs and IL-17-expressing Tregs significantly 

increased in the LRNs of infected mice relative to uninfected mice at day 7 post-infection (Fig. 

15a). No significant differences were seen in the LRNs at day 14 post-infection (Fig. 15b). No 

significant differences were observed in the lungs at either time point (data not shown). These 

data demonstrate that IFN-γ-expressing and IL-17-expressing Treg subpopulations preferentially 

expand in response to infection. 
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Figure 14. Expression of IL-17 and IFN-γγγγ in LRNs of M. pulmonis infected mice. Mice were 

infected with 5 x 105 CFU M. pulmonis, and sacrificed at day 8 post-infection. Cells were 

isolated from LRNs and stained for IL-17 and IFN-γ. Populations are gated on 

CD4+CD25+FoxP3+ cells. One representative LRN sample of two separate experiments is shown. 
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Figure 15. Expression of IL-17 and IFN-γγγγ in Tregs in the LRNs of M. pulmonis-infected or 

control mice. Mice were intranasally infected with 5 x 105 CFU M. pulmonis. Mice were 

sacrificed at day 7 (a) or day 14 (b) post-infection, and cells harvested from LRNs. Data are 

expressed as a percentage of CD4+CD25+FoxP3+ cells. An asterisk (*) represents a significant 

(p<0.05) difference Infected versus Broth. Vertical bars and error bars represent means +/- SE 

(n=6). 
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CD25- Tregs express IFN-γγγγ and IL-17 at lower levels, but do not respond to infection. 

 The previous data demonstrates that CD25-expressing Tregs expand in response to 

mycoplasma infection and express IFN-γ or IL-17.  However, Tregs that do not express CD25 

would not be affected by the injection of a CD25-targeted antibody. It was thus necessary to 

examine the CD25- Tregs during mycoplasma infection. 

 Mice were infected with 5 x 105 CFU M. pulmonis, and sacrificed at day 7 or 14 post-

infection. Cells were isolated from the LRNs and lungs. Cells were then stained for IFN-γ and 

IL-17.  

Overall, CD25- Tregs expressed IFN-γ and IL-17 in the LRNs at a lower percentage 

compared to CD25+ Tregs. There was a significant increase in the percentage of IFN-γ-

expressing CD25- Tregs in the LRNs at day 7 (Fig. 16a). No significant differences were 

observed in the percentages of IL-17-expressing CD25- Tregs at day 7, and no significant 

differences in either IFN-γ-expressing or IL-17-expressing CD25- Tregs were observed at day 14 

(Fig. 16b). As before, no significant differences were observed in the lungs at either time point 

(data not shown). These data suggest that IFN-γ-expressing CD25- Tregs may also play a role in 

mycoplasma respiratory disease. 
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Figure 16. Expression of IL-17 and IFN-γγγγ in CD25- Tregs in the LRNs of M. pulmonis-

infected or control mice. Mice were intranasally infected with 5 x 105 CFU M. pulmonis.  Mice 

were sacrificed at day 7 (a) or day 14 (b) post-infection, and cells harvested from LRNs. An 

asterisk (*) represents a significant (p<0.05) difference Infected versus Broth. Data are expressed 

as a percentage of CD4+CD25-FoxP3+ cells. Vertical bars and error bars represent means +/- SE 

(n=6). 

 

 

 



55 

 

Depletion of Tregs may decrease the overall levels of IFN-γγγγ and IL-17 in the LRNs.  

To explore the possibility that Tregs might promote the secretion of IFN-γ and IL-17 by 

Th cells. Mice were given anti-CD25 depleting antibody or PBS control 1 day prior to infection 

with 5 x 105 CFU M. pulmonis, followed by a second dose or PBS at day 6 post-infection. Mice 

were sacrificed at days 7 and 14 post-infection, and cells were harvested from LRNs and lungs. 

Cells were stained for IFN-γ and IL-17. 

Treg depletion caused a decrease in the expression of IL-17 in CD4+ LRN cells at day 7 post-

infection (Fig. 17a). Treg depletion also caused a decrease in the expression of IFN-γ in CD4+ 

LRN cells at day 7 post-infection, though the difference was not significant. There were no 

cytokine differences observed at day 14 in the LRNs (Fig. 17b). No significant differences were 

seen in the lungs at either time point (data not shown). These data suggest that Tregs may 

promote the secretion of IFN-γ and IL-17 by Th cells in vivo, since their depletion prior to 

infection resulted in a decrease in the expression of these cytokines. 

 

Antigen-specific Tregs stimulate the production of IFN-γγγγ and IL-17 in vitro. 

  To examine the possibility that Tregs could actually promote Th cells to secrete IFN-γ 

and/or IL-17, mice were infected with 5 x 105 CFU of M. pulmonis. Cells from spleens and 

LRNs were harvested at 8 days post-infection. Cells were sorted into CD4+CD25+ Treg cells, and 

CD4+CD25- Th cells. Th cells were cultured in vitro with or without Tregs, in the presence of 

plate-bound anti-CD3 antibody and soluble anti-CD28 antibody, or mycoplasma membrane 

antigen (MMA) with antigen-presenting cells (CD3-depleted naïve splenocytes). Supernatants 

were then assayed for IL-4, IL-10, IL-13, IL-17, TGF-β, and IFN-γ. 
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 The addition of Tregs led to significant increases in antigen-specific IL-17 secretion and 

polyclonal IL-17 secretion in both LRN and spleen cultures (Fig. 18). In the case of LRN 

cultures, the addition of Tregs led to a significant increase in IL-17 even in the absence of any 

stimulation.  

Similar results were with IFN-γ secretion. The addition of Tregs led to significant 

differences in antigen-specific IFN-γ secretion in both LRN and spleen cultures (Fig. 19). A 

significant increase in IFN-γ was also observed in polyclonally-stimulated LRN cultures. No 

significant differences were observed in polyclonally-stimulated spleen cultures.  

No antigen-specific IL-10 secretion was observed in any LRN or spleen cultures, though a 

significant increase in IL-10 was observed in polyclonally-stimulated spleen cultures containing 

Tregs (Fig. 20).  Supernatants were also tested for the presence of TGF-β, but no TGF-β was 

detected in any cultures (data not shown).  

No antigen-specific secretion of IL-4 or IL-13 was observed in either the LRN or spleen 

cultures (Fig. 21, Fig. 22). A significant increase in IL-4 was observed in polyclonally-stimulated 

LRN cultures containing Tregs. No significant increases in IL-13 were observed under any 

conditions.  
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Figure 17. Expression of IL-17 and IFN-γγγγ in CD4+CD25-FoxP3- cells in CD4+ T cells from 

LRNs of M. pulmonis-infected mice, with or without Treg depletion. Mice were given 100 

µls (0.5 mg) anti-CD25 depleting antibody or PBS control 1 day prior to infection with 5 x 105 

CFU M. pulmonis, followed by a second dose of antibody or PBS at day 6 post-infection. Mice 

were sacrificed at day 7 (a) or day 14 (b) post-infection, and cells harvested from LRNs. Data are 

expressed as a percentage of total lymphocytes. An asterisk (*) represents a significant (p<0.05) 

difference PBS/Infected versus PBS/Broth. A double asterisk (**) represents a significant 

(p<0.05) difference Treg Depleted/Infected versus PBS/Infected. Vertical bars and error bars 

represent means +/- SE (n=6). 
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Figure 18. Levels of interleukin-17 in LRN and spleen cultures with and without Tregs. 

Mice were infected with 5 x 105 CFU M. pulmonis and sacrificed at 8 days post-infection. Tregs 

and Th cells were isolated from spleens and LRNs and stimulated with anti-CD3 and anti-CD28 

antibodies, or mycoplasma membrane antigen (MMA) and antigen-presenting cells (APC). 

Cultures were incubated for either 4 days (anti-CD3/CD28) or 6 days (MMA). IL-17 

concentration in supernatants was measured. An asterisk (*) represents a significant (p<0.05) 

difference (anti-CD3/28 + Treg versus anti-CD3/28 only, MMA + Treg versus MMA only, Treg 

only versus no treatment). Vertical bars and error bars represent means +/- SE (n=4). 
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Figure 19. Levels of interferon-γγγγ in LRN and spleen cultures with and without Tregs. Mice 

were infected with 5 x 105 CFU M. pulmonis and sacrificed at 8 days post-infection. Tregs and 

Th cells were isolated from spleens and LRNs and stimulated with anti-CD3 and anti-CD28 

antibodies, or mycoplasma membrane antigen (MMA) and antigen-presenting cells (APC). 

Cultures were incubated for either 4 days (anti-CD3/CD28) or 6 days (MMA). IFN-γ 

concentration in supernatants was measured. An asterisk (*) represents a significant (p<0.05) 

difference (anti-CD3/28 + Treg versus anti-CD3/28 only, MMA + Treg versus MMA only, Treg 

only versus no treatment). Vertical bars and error bars represent means +/- SE (n=4). 
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Figure 20. Levels of interleukin-10 in LRN and spleen cultures with and without Tregs. 

Mice were infected with 5 x 105 CFU M. pulmonis and sacrificed at 8 days post-infection. Tregs 

and Th cells were isolated from spleens and LRNs and stimulated with anti-CD3 and anti-CD28 

antibodies, or mycoplasma membrane antigen (MMA) and antigen-presenting cells (APC). 

Cultures were incubated for either 4 days (anti-CD3/CD28) or 6 days (MMA). IL-10 

concentration in supernatants was measured. An asterisk (*) represents a significant (p<0.05) 

difference (anti-CD3/28 + Treg versus anti-CD3/28 only). Vertical bars and error bars represent 

means +/- SE (n=4). 
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Figure 21. Levels of interleukin-4 in LRN and spleen cultures with and without Tregs. Mice 

were infected with 5 x 105 CFU M. pulmonis and sacrificed at 8 days post-infection. Tregs and 

Th cells were isolated from spleens and LRNs and stimulated with anti-CD3 and anti-CD28 

antibodies, or mycoplasma membrane antigen (MMA) and antigen-presenting cells (APC). 

Cultures were incubated for either 4 days (anti-CD3/CD28) or 6 days (MMA). IL-4 

concentration in supernatants was measured. An asterisk (*) represents a significant (p<0.05) 

difference (anti-CD3/28 + Treg versus anti-CD3/28 only). Vertical bars and error bars represent 

means +/- SE (n=4). 
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Figure 22. Levels of interleukin-13 in LRN and spleen cultures with and without Tregs. 

Mice were infected with 5 x 105 CFU M. pulmonis and sacrificed at 8 days post-infection. Tregs 

and Th cells were isolated from spleens and LRNs and stimulated with anti-CD3 and anti-CD28 

antibodies, or mycoplasma membrane antigen (MMA) and antigen-presenting cells (APC). 

Cultures were incubated for either 4 days (anti-CD3/CD28) or 6 days (MMA). IL-13 

concentration in supernatants was measured. Vertical bars and error bars represent means +/- SE 

(n=4). 
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Therefore, the addition of Tregs to cultures stimulated with MMA did not result in the 

significant increase of any Th2-associated cytokines. Significant increases were seen in only two 

instances of polyclonal activation: Spleen cultures secreted more IL-10 after the addition of 

Tregs, and LRN cultures secreted more IL-4 after the addition of Tregs. 

These data suggest that Tregs, in contrast to their previously observed roles, may be 

secreting the proinflammatory cytokines IFN-γ and IL-17, and/or stimulating their secretion by 

other cells. Furthermore, the increases in these cytokines in response to MMA stimulation show 

that a component of this Treg response is foreign antigen-specific. 

 

Adoptive transfer of naïve Tregs from the spleens did not affect mycoplasma disease. 

 To further examine the potential role of Treg populations in mycoplasma disease, naïve 

mice were sacrificed, and spleen cells were harvested. This approach has been used in several 

studies to examine the role of Tregs in disease (116-119).  Naïve spleen cells were sorted for the 

CD4+CD25+ cells. Recipient mice were intravenously injected with 106 Tregs or PBS control 1 

day prior to infection with 2 x 105 CFU M. pulmonis. Recipient mice were then sacrificed at day 

14 post-infection. 

 Adoptive transfer of naïve splenocyte Tregs had no effect on weight loss over the course 

of the experiment, and there were no differences in the incidence of gross lesions (Fig. 23). Also, 

there were no differences in cell counts in either the LRNs or the lungs at day 14 post-infection. 

This indicates that Tregs from naïve spleens are not capable of suppressing the immune response 

to M. pulmonis. 
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Figure 23. Weight loss, incidence of gross lesions, and cell counts in M. pulmonis-infected 

mice adoptively given Tregs from naïve spleens, or PBS control. Mice were adoptively 

transferred 106 naïve Tregs sourced from spleens 1 day prior to infection with 2 x 105 M. 

pulmonis. Mice were sacrificed at 14 days post-infection. Vertical bars and error bars represent 

means +/- SE (n=9). 
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 Tregs from LRNs of M. pulmonis-infected mice cause early disease in recipients. 

 As shown in the previous studies, Tregs from the spleens of naïve mice were not effective 

at preventing immunopathology, it was possible that Tregs might need to be exposed to M. 

pulmonis before gaining the ability to suppress the mycoplasma-specific immune responses. 

Mice were infected with 5 x 105 CFU M. pulmonis and sacrificed at 14 days post-infection. Cells 

were harvested from LRNs and sorted. The CD4+CD25+ cell fraction was collected, and 106 

Tregs were then injected intravenously into recipient mice 1 day prior to infection with 5 x 105 

CFU M. pulmonis. Mice were sacrificed at 14 days post-infection. 

 In contrast to the results using Tregs from naïve spleens, Tregs from the LRNs of infected 

mice actually increased disease. This increase in disease occurred much earlier, with Treg 

recipients losing weight by day 3 post-infection (Fig. 24). No difference was observed in gross 

lesion scores at day 14 post-infection, but cell counts were significantly increased in the lungs of 

Treg recipients compared to control mice, something that was linked to increased disease in 

previous experiments. Cell counts also increased in the LRNs of Treg recipients, though not 

significantly. These data demonstrate that the Tregs from LRN in infected mice do respond to 

mycoplasma infection; however, the results suggest that the development of Tregs and their 

beneficial activity during M. pulmonis infection may be associated with concurrent development 

of adaptive T cell responses. If added too early in the development of disease, these cells may 

actually increase disease, most likely through the production of inflammatory cytokines.  
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Figure 24. Weight loss, incidence of gross lesions, and cell counts in M. pulmonis-infected 

mice adoptively given Tregs from the LRNs of infected mice, or PBS control. Mice were 

adoptively transferred 106 Tregs sourced from infected LRNs 1 day prior to infection with 2 x 

105 CFU M. pulmonis. Mice were sacrificed at 14 days post-infection. An asterisk (*) represents 

a significant (p<0.05) difference, Treg versus PBS. Vertical bars and error bars represent means 

+/- SE (n=9). 
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CHAPTER IV 
 
 
 

DISCUSSION 

 
 
 

Regulatory T cells, defined as CD4+CD25+FoxP3+ cells, are a specialized subset of CD4+ 

T cells that act against traditional immune responses, normally through the secretion of the 

cytokines IL-10 and/or TGF-β (2, 89, 90). By suppressing or dampening immune responses, 

Tregs can often prevent the incidence of damaging immunopathology resulting from a 

heightened, nonspecific immune response (2). However, Tregs have also been implicated in the 

development of chronic infections, since weakened immune responses may be insufficient to 

clear infectious organisms (13, 14, 91). Mycoplasma is a common respiratory bacterium that is 

responsible for many cases of chronic pneumonia (16, 20). Previous research into mycoplasma 

has revealed that a large component of mycoplasma respiratory disease is immunopathologic 

(20, 21). Knowing that Tregs have been shown to be involved in both the control of 

immunopathology and the persistence of chronic infections, we proposed to study the role of 

Tregs in mycoplasma respiratory disease. We initially hypothesized that Tregs would play a 

beneficial role in the control of immunopathologic immune responses, and that depletion of 

Tregs would lead to a decrease in bacterial CFU.  

The results presented here demonstrate an important role for Tregs in the immune 

response to mycoplasma respiratory infection, and also suggest a novel mechanism of Treg-
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mediated immune suppression. In exploring the role of Tregs in mycoplasma respiratory disease, 

there were several unique findings: 1) The presence of Treg cells dampens immunopathologic 

immune responses during M. pulmonis infection; 2) Depletion of Tregs prior to mycoplasma 

infection enhances the development of a Th2 response, suggesting that Tregs can suppress the 

development of Th2 responses in this model; 3) Tregs in mycoplasma-infected animals secrete 

the cytokines IFN-γ and IL-17, and may promote secretion of these cytokines by other cells. 

These data clearly show that Tregs are important in controlling immune responses to M. 

pulmonis, and that Tregs may be capable of dampening immune responses through previously 

unknown mechanisms, a finding which is in agreement with our hypothesis. However, in 

contrast to our hypothesis, Tregs played no role in the control of infection, as bacterial CFU were 

unchanged.  

 Tregs clearly control the level of disease in mycoplasma respiratory infection. Depletion 

of Tregs using an anti-CD25 depleting antibody prior to infection with M. pulmonis resulted in 

significant increases in clinical disease. Treg-depleted mice lost significantly more weight over 

the course of the experiment, and displayed a significantly higher incidence of gross lung lesions. 

In addition, Treg-depleted mice had more severe histological lung lesions in all four of the 

categories that were examined (peribronchial infiltration, airway exudate, epithelial hyperplasia, 

alveolitis). This effect was clearly related to a decrease in the level of Tregs, as the anti-CD25 

antibody was shown to specifically deplete CD4+CD25+FoxP3+ cells without affecting other cell 

populations. 

Treg depletion prior to infection led to an increase in the percentage of IL-13+ cells in the 

lower respiratory lymph nodes (LRN), suggesting that immune responses in these mice had been 

skewed towards the Th2 lineage. Increased disease in Treg-depleted mice was also concurrent 
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with increases in lung cell infiltration and increases in the levels of mycoplasma-specific serum 

antibodies. However, Treg-depleted mice displayed no differences in lung CFU. These data 

show that Tregs in mycoplasma respiratory disease control inflammation and immunopathology, 

but have no effect on the control of the actual level of infection. 

Tregs preferentially expanded in the host in response to mycoplasma infection, 

suggesting that they do play a role in the disease. Characterization of Tregs in mycoplasma-

infected mice showed that they express high levels of both CTLA-4 and glucocorticoid-induced 

TNF-like receptor (GITR), and low levels of CD127, demonstrating that their expression pattern 

matches that of traditional Tregs (70, 73, 76-82). Interestingly, these Tregs included two 

subpopulations that expressed either IFN-γ or IL-17.  

In vitro cultures containing Tregs and Th cells from LRNs of infected mice secreted 

significantly higher levels of IFN-γ and IL-17 when stimulated with MMA as compared to Th 

cells alone. No increases in IL-4, IL-13, or IL-10 were observed in response to MMA. These data 

provided evidence that Tregs might stimulate the secretion of IFN-γ and IL-17 cytokines by Th 

cells. Depletion of Tregs from infected mice led to a decrease in the in vivo secretion of IFN-γ 

and IL-17 by CD4+CD25-FoxP3- T helper (Th) cells. These data suggest that two unique 

populations of Tregs, IFN-γ+ or IL-17+, develop in mycoplasma-infected mice, and that they 

participate in control of the disease. Furthermore, these data suggest that IFN-γ+ and IL-17+ 

Tregs may promote the secretion of these cytokines by Th cells. 

  Based on these results we propose a model for the role of Tregs in mycoplasma 

respiratory disease. The development of IFN-γ
+ or IL-17+ Tregs is likely due to stimulation by 

mycoplasma antigens and/or changes in the cytokine environment as a result of mycoplasma 

infection. This development may take several days, during which time natural Tregs may receive 
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signals that alter their phenotype to that of IFN-γ
+ or IL-17+ Tregs. Alternatively, CD4+ Th cells 

may be induced to differentiate into IFN-γ
+ or IL-17+ Tregs. Tregs may then begin to stimulate 

Th1 responses in CD4+ Th cells in the LRNs, or suppress Th2 responses, through secretion of 

IFN-γ or IL-17 (47, 120, 121), and/or through other mechanisms that are currently unknown. By 

preventing the development of a strong Th2 response, Tregs can prevent some of the 

immunopathology associated with mycoplasma respiratory disease. 

 Conversely, when Tregs are depleted from the host, the Th2 response is no longer 

suppressed. The mycoplasma infection elicits a strong Th2 response, which begins to act 

between days 5 and 7 post-infection. It is at this time that cell infiltration into the lungs begins to 

increase, coinciding with the first signs of more severe disease. The level of disease increases 

through day 14 as immunopathologic Th2 responses cause the development of severe lung 

lesions. 

There have been a number of previous studies demonstrating the importance of the 

Th1/Th2 ratio in the pathogenesis of mycoplasma respiratory disease. M. pulmonis-infected IFN-

γ
-/- mice demonstrated increased disease severity compared to M. pulmonis-infected IL-4-/- mice 

(17). Since IFN-γ-/- mice will preferentially mount a Th2-type response, these data suggested that 

immunopathology in mycoplasma infections may be related to  Th2 immune responses. Further 

experiments by Jones et al. showed that depletion of CD8+ T cells prior to infection also led to 

increased disease(22). This may have been related to the fact that CD8+ T cells are a source of 

IFN-γ, and the fact that their removal could allow for increased Th2 responses. Bodhankar et al. 

conducted further studies demonstrating that the depletion of natural killer (NK) cells prior to 

immunization with mycoplasma membrane antigen (MMA) resulted in increased protection 

against M. pulmonis and a lower level of clinical disease (122). This was correlated with higher 



71 

 

levels of IFN-γ and lower levels of IL-4 in the LRNs. In addition, immunization of IFN-γ
-/- mice 

prior to M. pulmonis infection resulted in severe exacerbation of disease, while immunization of 

IL-4-/- were significantly protected, displaying a much lower level of disease (123). Experiments 

by Dobbs et al. demonstrated that STAT6-/- mice, which have a deficiency in IL-4, were also 

better protected against mycoplasma infection after immunization and subsequent M. pulmonis 

infection (124). This was connected to a lower level of IL-13+ Th cells in the LRNs. In other 

experiments, dendritic cells (DC) pulsed with MMA, granulocyte macrophage colony 

stimulating factor (GM-CSF), TGF-β, and IL-10 were adoptively transferred into mice prior to 

infection with M. pulmonis. These mice developed more severe disease relative to control mice, 

and this difference was again linked to a higher level of IL-13+ Th cells in the LRNs (124). Thus, 

the connection between Th2 responses and increased mycoplasma respiratory disease severity is 

well established at this point. 

 Mycoplasma respiratory disease shares a number of characteristics with asthma. Both are 

chronic respiratory conditions characterized by an increase in airway hyperreactivity. Both are 

Th2-mediated inflammatory diseases, with each shown to be related to levels of IL-4. In 

addition, mycoplasma infections are known to exacerbate asthma. Thus, the research performed 

in asthma models may be relevant to studies of mycoplasma respiratory infections.  

 Tregs have long been implicated in the control of asthma, though the mechanisms 

through which they accomplish this control are still being studied (125-127). In one set of 

experiments, Lewkowich et al. demonstrated that the depletion of Tregs in a murine model of 

asthma greatly exacerbated symptoms (128). This was connected to a decrease in IL-12 (a Th1-

promoting cytokine) and an increase in IL-13. These data suggest that Tregs in respiratory 

disease can promote Th1 responses, a finding which is in agreement with our data. 
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 IFN-γ has also been shown to suppress immune responses in asthma. One study in 

humans found that asthmatic individuals had lower levels of IFN-γ as measured by ELISA (129). 

Another study found that asthma treatments that decreased airway hyperreactivity and 

inflammation in mice were correlated with increased levels of IFN-γ (130). In addition, one 

study showed decreased asthmatic symptoms when mice were treated with IFN-γ and 

macrophage-activating lipopeptide-2 (131). Finally, in two separate experiments, systemic 

administration of an IFN-γ-expressing plasmid reduced asthma symptoms in mice (120, 121). 

Thus, the role of IFN-γ as a Th2-suppressing cytokine in respiratory disease models is well 

supported. 

IL-17 has recently been shown to have beneficial effects in both asthma and respiratory 

infections. Bai et al. demonstrated that IL-17 could promote Th1 responses in Chlamydia 

muridarum lung infection (47). Neutralization of IL-17 in this model led to an increased Th2 

response and an increase in disease. The authors also noted an effect on DC function, where IL-

17 neutralization led to the development of IL-10-secreting DCs that were unable to protect mice 

from infection after adoptive transfer. The role of IL-17 in asthma is complex, but one study 

showed that IL-17 neutralization in a mouse model of asthma led to exacerbation of disease 

(132). Another study found that adoptive transfer of IL-17-producing γδ T cells accelerated the 

resolution of asthma-related airway inflammation and airway hyperreactivity in a mouse model, 

while blockade of γδ T cells exacerbated disease (133). Studies by Sieve et al. have demonstrated 

a role for IL-17 in mycoplasma infection (48). Mycoplasma CFU were increased in IL-17R-/- 

mice compared to wild type mice, though this infection was taken to a later time point. In 

another study, blockade of IL-23 (a cytokine capable of stimulating IL-17 production by T cells) 

in a murine model of acute Mycoplasma pneumoniae infection led to higher lung CFU at 24 
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hours post-infection (109). Thus IL-17 has been previously shown to play a beneficial role in 

models of respiratory disease.  

The secretion of IFN-γ and IL-17 by Tregs has been previously observed in a few 

instances. In a mouse model of experimental autoimmune encephalomyelitis (EAE), a population 

of Tregs expressing both IFN-γ and IL-17 was observed infiltrating into the central nervous 

system, though their role in disease was unclear (53). Another study found that human Tregs 

could secrete IL-17 when stimulated in vitro with IL-1β and IL-6, though they were not found to 

occur in the host in response to any natural disease (57). A number of other studies have shown 

that human Tregs can secrete IL-17 after stimulation with cytokines (54-56), but none have 

shown that these Tregs respond to any foreign antigens, or that they play a role in any specific 

disease. Finally, another mouse model showed that Tregs could secrete IL-17 when stimulated in 

vitro with TGF-β and IL-6, though it is unknown if these cells retained FoxP3 expression, or if 

they merely differentiated into Th17 cells (50). To our knowledge this is the first time that IFN-

γ
+ or IL-17+ Tregs have been found in an animal with a natural disease, the first time that IFN-γ+ 

or IL-17+ Tregs have been shown to have specificity for a foreign antigen, and the first time that 

this type of Treg has been shown to play a role in the course of the disease.  

Transfer of Tregs from naïve spleens has been successful in dampening immune 

responses in other models (116-119). However, adoptive transfer of Tregs from the spleens of 

naïve mice was ineffective in preventing mycoplasma respiratory disease in our model. In this 

case, the problem may be due to the fact that the Treg phenotype (IFN-γ
+ or IL-17+) does not 

appear to be the natural or default state for Tregs. Rather, traditional Tregs express IL-10 and/or 

TGF-β (2, 89, 90). The development of the IFN-γ
+ or IL-17+ phenotype may be a consequence of 

in vivo Treg activation in the specific cytokine environments that result from M. pulmonis 
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infection. As such, naïve Tregs may not be primed for this kind of activity, and thus may not 

have an effect when adoptively transferred. Another possibility is that the spleen may not be the 

source of the Tregs that participate in this immune response. It is not yet known where these 

Tregs originate, and it is plausible that they may not come from the spleen at all. It is also 

uncertain as to whether these Tregs develop from natural Tregs or whether they are induced 

(though their expression of CD25 suggests that the former is true (2, 14)). Thus, the inability of 

naïve splenic Tregs to suppress immune responses in vivo, as has been seen in other models(116-

119) provides further evidence that our model involves a unique Treg population. 

Adoptive transfer of Tregs from LRNs of infected mice actually led to increases in 

disease. In this case, disease actually occurred at a much earlier time point (by day 3 post-

infection). This may be due to an issue involving the timing of Treg administration. Treg 

depletion experiments suggested that these cells may not play a role until around days 5-7 post-

infection, around the time at which the adaptive immune response begins. During the innate 

period, endogenous Tregs may develop into IFN-γ-secreting or IL-17-secreting Tregs, and thus 

might not promote anti-Th2 responses until midway through the infection. Introduction of 

exogenous IFN-γ-secreting or IL-17-secreting Tregs prior to infection may actually be harmful to 

the host, possibly causing Th1 or Th17-mediated inflammation within a few days. In other 

words, if the host has not yet begun to mount a competing Th2 response, the introduction of Th1-

promoting cells may be detrimental. This increased disease could also be exacerbated by the high 

number of cells transferred into recipients. Mice were given 106 Tregs from infected hosts. It is 

unknown how long these high Treg levels persist in the host animal, or how many of them 

actually have an effect at the primary infection site or the corresponding draining lymph nodes, 

but these studies have shown that Tregs normally make up 3-5% of the CD4+ T cell population 
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in the LRNs of infected mice (less than 2.5 x 105 cells). Future studies should be performed to 

determine if any protection from disease can be achieved by transfer of Tregs at a later point in 

the infection, and/or by transfer of a smaller number of Tregs. Adoptive transfer of Tregs from 

infected LRNs may still be a viable strategy for future studies, but the number of Tregs 

administered and the timing of the administration need to be optimized. 

There are a number of studies that can be performed to better understand the role of Tregs 

and their associated cytokines in this model. Future studies can focus on three specific areas: 1) 

The role of IFN-γ and IL-17 in the dampening of Th2-associated immunopathology in 

mycoplasma-infected mice, 2) The effect of Tregs on dendritic cell (DC) function in 

mycoplasma respiratory disease, and 3) the development of IFN-γ
+ or IL-17+ Tregs in response 

to cytokine stimulation and mycoplasma antigen. 

The mechanisms through which Tregs in mycoplasma-infected mice exert their 

suppressive effects need to be studied further to show conclusively that IFN-γ and IL-17 are 

involved in the dampening of Th2-mediated immunopathology. First, coculture experiments 

could be repeated with Th cells and Tregs from the LRNs of infected mice in order to determine 

the sources of IFN-γ and IL-17. While it is likely that the Th cells in the cultures are being 

promoted to secrete these cytokines, it is also possible that culture conditions are activating 

Tregs to a very high level, causing them to secrete large amounts of IFN-γ or IL-17. To establish 

the true source of these cytokines, Tregs could be labeled with a dye such as CFSE before being 

placed in culture. After MMA stimulation and incubation, cells could be stained for IFN-γ and 

IL-17 and analyzed using flow cytometry. If Tregs are secreting the bulk of these two cytokines, 

then IFN-γ and IL-17 would co-stain strongly with CFSE. 
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Another possible study would make use of Th cells from IFN-γR-/- and IL-17R-/- mice. 

Tregs from wild type, mycoplasma-infected mice could be cocultured with IFN-γR-/- or IL-17R-/- 

Th cells from both naïve and mycoplasma-infected mice. If the promotion of Th cytokine 

secretion involves the secretion of IFN-γ or IL-17 by Tregs, then coculture of these Tregs with 

IFN-γR-/- or IL-17R-/- Th cells should not lead to the previously seen increases in the secretion of 

these two cytokines. If the IFN-γ or IL-17 levels still increase, this may suggest that Tregs 

promote secretion of these cytokines though a different mechanism.  

Another approach would involve the treatment of Tregs with siRNA against IFN-γ or IL-

17. These Tregs could be isolated from mycoplasma-infected mice, treated with siRNA in vitro, 

and then transferred into recipient mice. Recipients could be infected with M. pulmonis either 

before or after adoptive transfer of these Tregs. This approach has the advantage of allowing the 

Tregs to develop during the course of a normal infection prior to blockade of the target cytokine. 

Thus, this approach is preferable to the isolation of Tregs from IFN-γ
-/- or IL-17-/- mice, since the 

overall absence of these cytokines in the host could result in an environment that does not 

produce the needed Treg phenotype.  

The effect of Tregs on this immune response may also be related to the function of DCs. 

In addition to the study by Bai et al.(47), a number of other studies have shown that Tregs exert 

an effect on DCs. Tadokoro et al. demonstrated that Tregs in draining lymph nodes could prevent 

the formation of stable contacts between DCs and Th cells (134, 135). Experiments from our lab 

showed that MMA-pulsed DCs that were adoptively transferred into recipient mice exacerbated 

disease during subsequent mycoplasma infection (124). This suggests that interference with 

antigen presentation could be an effective strategy for prevention of mycoplasma respiratory 

disease. Thus, it is possible that Tregs in M. pulmonis infections serve to suppress Th2 responses 
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by affecting the interactions of DCs and Th cells. This could be examined using two-photon 

microscopy techniques, though this is difficult. 

Tregs could also suppress immune responses by delaying the development of and 

expansion of Th cell populations. Recent work by Shafiani et al. demonstrated that Tregs in a 

model of Mycobacterium tuberculosis infection actually delayed the infiltration of antigen-

specific Th cells into the lungs by several days (136). In another experiment, interaction of DCs 

with Tregs caused the DCs to home to lymph nodes (137). In our studies, depletion of Tregs 

prior to infection resulted in a significant increase in total cells into the lungs by day 14 as 

compared to non-depleted mice. However, the number of total cells in the LRNs remained the 

same regardless of the level of Tregs. This could be the result of delayed activation and delayed 

expansion of Th cells as a result of Treg action. Tregs might normally act in the LRNs to block 

or slow Th activation, but, in their absence, Th cells might rapidly proliferate and travel to the 

primary site of infection. Future studies could easily be performed following the infection to a 

later time point. If Tregs are simply delaying the development of disease in this way, then non-

depleted, infected mice should eventually develop a similar level of disease.  

It is more likely, though, that Tregs are promoting Th1-type responses by promoting the 

development of Th1-associated DCs. As stated previously, studies in an asthma model revealed 

that Treg depletion led to the development of DCs that promoted the secretion of Th2 cytokines 

(128). The previously mentioned study by Bai et al. demonstrated that Treg depletion in 

Chlamydia lung infection enhanced the development of IL-10-expressing DCs (47). It is already 

known through previous experiments in our lab that DCs can significantly exacerbate disease 

when cultured in the presence of Th2 cytokines (124). DCs cultured in Th1-polarizing conditions 

caused no such increase in disease. Tregs secreting and promoting the secretion of IL-17 and 
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IFN-γ could create an environment in the LRNs that favors the development of Th1-associated 

DCs. These Th1 DCs could then stimulate the development of antigen-specific Th1 cells, which 

could then act against Th2 responses. 

One approach to evaluate these ideas is to coculture Tregs from mycoplasma-infected 

mice with MMA-pulsed DCs from naïve mice, with and without Th cells from infected animals. 

These DCs could then be adoptively transferred into recipient mice that would then be infected 

with M. pulmonis. These mice would then be monitored for signs of disease, as well as processed 

for lung CFU. In addition, cells could be stained for IFN-γ and IL-13 to determine if the immune 

response is trending towards Th1 or Th2. If Tregs do promote the development of Th1-

associated DCs, then transfer of these DCs into mice prior to infection should result in a lower 

level of disease, and possibly even a reduction in lung CFU. This experiment could also show 

whether Tregs require Th cells to promote this response, or whether Tregs alone are sufficient. In 

addition, DCs cultured under these conditions could simply be stained for their expression of IL-

12 and IL-10, thus providing an indication of whether they are Th1 or Th2-associated. 

The conditions under which IFN-γ+ and IL-17+ Tregs can develop are not clear. 

Presumably, this phenotype is the result of specific cytokine environments combined with 

stimulation by M. pulmonis antigens. If Tregs have evolved to dampen immune responses, it is 

possible that they may be more adaptable than once thought, developing according to their 

specific environment to allow for different kinds of suppression. Thus, in a Th2 environment, as 

is found in M. pulmonis-infected mice, Tregs may adapt to promote Th1 responses.    

To study this aspect, future experiments could once again make use of IFN-γ
-/- and IL-4-/- 

mice. Mice could be infected with M. pulmonis, and cells could be harvested at 14 days post-

infection. Tregs could be stained for their expression of IL-10, IFN-γ, and IL-17, or sorted and 
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run through real time-PCR to measure mRNA levels of IL-10, IFN-γ, IL-17, and TGF-β. If Tregs 

develop an IL-17+ phenotype under Th2 conditions as hypothesized, then these cells, their 

cytokines, and their cytokine mRNA should be easily detected in cells from Th2-polarized IFN-

γ
-/- mice. Conversely, Tregs from IL-4-/- mice might express little to no IFN-γ or IL-17, appearing 

instead as traditional IL-10/TGF-β-expressing Tregs. The development of IFN-γ
+ Tregs could 

obviously not be studied in this model, since Tregs from IFN-γ
-/- mice would not express IFN-γ. 

Another option, and a study that is currently ongoing in our lab, is to adoptively transfer 

Th1 or Th2 polarized Th cell lines into recipient mice, followed by infection with M. pulmonis. 

This could skew the cytokine environment towards Th1 or Th2 similar to the effect seen in IFN-

γ
-/- and IL-4-/- mice. The same studies could then be performed to evaluate the effect on the 

development of Tregs.  

The data presented here, as well as the data from these proposed experiments, can 

contribute to science on two different fronts. First, these data further illuminate the mechanisms 

behind the immune response to mycoplasma. This is important because, in addition to causing 

several different diseases in both humans and animals, mycoplasma has been linked to 

exacerbation of a number of other diseases, and thus has a profound impact on health care as 

well as agriculture (20). The complexity of the immune response to mycoplasma, as well as the 

failure of numerous attempts to create vaccines, necessitates the further study of this pathogen. 

The results from our experiments will contribute to a greater understanding of mycoplasma 

diseases, which will hopefully lead to advancements in this field. 

In terms of Treg research, the results presented here demonstrate that Tregs are capable 

of secreting IFN-γ and IL-17, two cytokines that can act against Th2 responses. This shows a 

plasticity and adaptability of Tregs that was previously unknown, and suggests that Tregs may be 
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able to undergo changes that allow them to suppress a number of different types of immune 

responses. Thus, the possibility exists that Tregs may play different roles in a number of diseases 

in which they were previously not thought to be involved. These experimental results combined 

with other research involving Tregs, IL-17, and IFN-γ, can lead to a greater understanding of 

Treg function, and eventually lead to the development of new Treg-mediated therapies for 

diseases of all kinds. 
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