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ABSTRACT 

 Mycoplasma pneumoniae is an important cause of acute and chronic respiratory 

disease, especially in school-aged children and young adults. To date, a suitable in vitro 

human model system for studying native mycoplasma interactions with the mucociliary 

defense has not been available nor has this aspect of infection been studied in detail. The 

current study employed normal human bronchial epithelial (NHBE) cells in air-liquid 

interface culture to examine the interaction(s) of M. pneumoniae with the mucociliary 

defense of differentiated airway epithelium. NHBE cells, when grown in air-liquid 

interface culture, form a pseudostratified, polarized epithelium, with tight junctions, 

mucus secretion, and ciliary function. The stepwise analysis of NHBE cell development 

and mycoplasma interactions are characterized utilizing immunohistochemistry and 

standard attachment assays. I have developed a model for acute and chronic exposure of 

M. pneumoniae to NHBE cells that details not only early localization events on the 

luminal surface but also mycoplasma transmigration of the paracellular surfaces and  

localization within the basolateral compartment, revealing a strong relationship between 

mycoplasma migration, desquamation and reorganization of the epithelium. This study is 



the first and only report to describe a link between gliding mycoplasmas, early 

localization, and migration through basolateral surfaces followed by loss of ciliation, 

desquamation and subsequent reorganization of the epithelium. These findings are 

essential steps in elucidating M. pneumoniae pathogenesis, in that mycoplasmas primarily 

localize to the basolateral surfaces where they alter mucociliary clearance via initiation of 

airway reorganization, a hallmark of M. pneumoniae disease in vivo, potentially reflecting 

a mechanism for extrapulmonary spread.    
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CHAPTER 1 

INTRODUCTION 

Mycoplasma pneumoniae is a primary pathogen of the conducting human airway.  

M. pneumoniae disease manifestations of the airway include acute and chronic 

pharyngitis, tracheobronchitis, bronchiolitis, croup and pneumonia, (1-3), with 

extrapulmonary involvement and asymptomatic carriage not uncommon (4-12).  

Additionally, M. pneumoniae has been associated with asthma and chronic airway 

disease (13-16). Early M. pneumoniae epidemiological studies indicate widespread 

dissemination (17). A lack of active and coordinated surveillance, along with the 

propensity for asymptomatic carriage, makes it difficult to gauge the true prevalence and 

impact of M. pneumoniae on human health. However, based on World Health 

Organization numbers, chronic respiratory disease as a global problem impacts 1/7
th

 of 

the world’s population (18). M. pneumoniae bacterial infection likely adds to these 

numbers as a primary cause of airway disease that facilitate secondary infection (19, 20) 

and disease exacerbations (13, 21).           

M. pneumoniae bacteria are described as preferentially adhering to the ciliated 

epithelium within the conducting airway (22-27). The principal structure involved, the 

terminal organelle, is responsible for attachment, gliding motility and cell division (28-

31), and can best be defined as a polar, specialized membrane bound structure, studded 

with adhesins with redundant and specialized function(s). The terminal organelle has an 
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electron-dense core which is posited to drive the mechanism of gliding motility, which 

may involve protein phosphorylation (32, 33).  

Elucidating the mechanism of M. pneumoniae infection and dissemination within 

the human host has been a challenging endeavor. Previous in vivo models have included 

Sigmodon hispidus (cotton rats), Cricetulus auratus (golden hamsters), Mus musculus 

(mice), while in vitro models have included human and hamster tissue culture as well 

animal and human cell lines (22, 26, 27, 34-37). The premise of such models is based on 

work by Eaton and coworkers, who used the development of airway lesions as their 

metric for the presence of the infectious agent (34). Based on recent reviews on M. 

pneumoniae airway pathogenesis (2, 38), M. pneumoniae bacteria are known to localize 

to the ciliated epithelium, via specific sialylated glycoprotein moieties (39-41), where 

they are suspected to initiate cell injury via peroxide formation and/or cytotoxins (42-45). 

Cell injury is thought to then facilitate an immune response that induces additional cell 

injury, which may or may not be localized (46-50) but mediated by cytokines (38).  

Radiographic data are consistent with this model in that bronchial wall thickening and 

interstitial infiltration are reported in humans (51-53). Recent work in mice suggests a 

relationship between lesion formation and mycoplasma motility (54). Despite these 

observations it is unclear how the extrapulmonary manifestation(s) of mycoplasmosis are 

established in the absence of frank pneumonitis or apparent resolution of disease, 

especially in the absence of cultivatable or detectable organism.   

The topic of this dissertation is the development of a model of acute and chronic 

M. pneumoniae infection of the human airway using normal human bronchial epithelial 

(NHBE) cells. This model has the advantage of allowing examination of host-
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mycoplasma interaction(s) in the air-liquid interface, with pseudostratified,  primary, 

non-immortalized, human bronchial epithelial cells that produce mucus, ciliary beating 

and tight junction formation (55, 56),  all of which contribute to an effective luminal 

barrier to infection (57, 58) and are discussed later. It is noteworthy, with respect to the 

NHBE cell model, that the airway infectious process begins at luminal surfaces, where 

the mucociliary defense is the primary barrier to infection (59). The mucociliary barrier 

protects the underlying cells, lamina propria (in vivo) and culture media (in vitro).   

There are three objectives:  

Objective 1: Develop a colonization model for acute exposure with M. pneumoniae in 

terminally developed NHBE cells exhibiting ciliary beating and mucus secretion.  

Objective 2: Characterize the apical localization pattern of M. pneumoniae on the 

developing NHBE cell surface with specific focus on the relationship to structural 

components of the periciliary layer.  

Objective 3: Develop a chronic exposure model of M. pneumoniae on terminally 

developed NHBE cells, specifically to determine the endpoint of colonization in this 

system. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

M. pneumoniae Overview 

Seminal works. Initial isolation of the agent of primary atypical pneumonia 

(PAP; discussed later) was credited to Eaton and coworkers in 1938 (34). At the time, the 

infectious agent was referred to as a virus because of its intrinsic antibiotic resistance 

(beta-lactams and sulfonamide) and its filterability (< .45 μm) (34). Key contributing 

factors that facilitated Eaton’s initial work included: cultivation of the agent in chick 

embryos, susceptible animal models, and antisera from suspected convalescing atypical 

pneumonia patients (34). The ability to sterilely inoculate and passage the infectious 

agent in chick embryos reduced the impact of contaminating bacteria from the sample, 

test animal and/or environment (34). This is noteworthy since it is unclear how these 

factors impacted their initial serological studies, which the authors indicated as being 

inconclusive (34). Studies from the direct inoculations of both hamster and cotton rat 

revealed infectious samples, one being De (derived from the human lung), capable of 

causing reproducible pulmonary lesions in test animals (34). The development of lung 

lesions in test animals, along with infiltrating white blood cells, were the principal 

observations used to determine the presence of the agent. Eaton and coworkers 

demonstrated that sample De, along with others, were capable of being passaged and 

maintained in chick embryos, where it could be used to inoculate test animals and 

produce pulmonary lesions (34). Importantly, neutralizing antibody from convalescing 
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rabbit (or human) serum but not pre-immune (or acute phase in humans)  serum, blocked 

the presentation of lesions in experimentally infected animals (34). These data taken 

together demonstrated the isolation and maintenance of the Eaton agent in chicken 

embryos, as well the success in animal modeling of the pathognomonic lesions.  

Hereafter the “virus” was termed Eaton’s agent.   

Liu and coworkers used Eaton agent-specific hyper immune rabbit serum in 

conjunction with immunofluorescence microscopy in order to localize the Eaton’s agent 

to the respiratory epithelium in chick embryos (60, 61). This was a significant step 

because prior to this there was no direct link between disease manifestation and the agent 

(17). Specifically, the combination of chick embryo infection and maintenance along 

with indirect fluorescein based detection, provided a specific test linking airway disease 

to Eaton’s agent (62).   

Marmion and Goodburn conducted both microscopic and susceptibility tests that 

not only demonstrated airway localization of Eaton’s agent, but also inhibition of the 

pathognomonic airway lesions upon mycoplasma-specific chemical treatment 

(kanamycin sulphate or sodium aurothiomalate) (63, 64). The hamster model of lesion 

formation (34) was used to demonstrate that sodium aurothiomalate treatment reduced 

airway lesion and infiltration (63, 64). Using both modified Giemsa stain and indirect 

immunofluorescent labeling in chick embryos, the authors identified palisades of 

elementary bodies localized to the airway epithelium, whose presence could be reduced 

after chemotherapeutic treatment (63, 64). Similar observations were made for the grey 

lung “virus” of rats, which was also included in the study and is in fact a mycoplasma 

(63, 65).    
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Chanock and coworkers developed a solid agar based medium that allowed for the 

acellular cultivation and visualization of the characteristic fried egg morphology 

associated with the genus Mycoplasma (66, 67). The key components for mycoplasma 

bacterial growth were shown to be serum (horse) and yeast extract, without which 

Eaton’s agent did not grow (66). The authors further demonstrated the ability to detect 

the agent on solid medium by using immunofluorescence with hyperimmune rabbit 

serum or human convalescent serum, but not human acute phase serum (66). Overall, 

there was general agreement between the ability to label Eaton’s agent on supplemented 

agar, similar to early chick embryo maintenance culture (34, 60, 61, 66).  

Taxonomy. Eaton’s agent at one time was considered to be a virus due to its 

filterability, and then an L-form (no cell wall) due to resistance to beta-lactams and 

sensitivity to tetracycline (34, 63-65). There was some controversy with regard to the 

distinction between spontaneously generating  L-forms, which were recognized as being 

pleomorphic, and mycoplasma (68-70), but were shown to be distinct based on DNA-

DNA hybridization (71).  

The genus Mycoplasma is grouped within the phylum Tenericutes (Latin: tender 

skin), members of which characteristically lack the ability to synthesize peptidoglycan 

(67). The closely related, low G+C, Firmicutes (Latin: strong skin), which includes 

clostridia and lactobacilli, are believed to be their predecessors (72, 73). The genus 

Mycoplasma is comprised of pleomorphic, mostly non-motile, chemo-organotrophic, 

filterable (<.45 μm) agents that require a host for survival (74). Some also possess a 

specialized terminal organelle (discussed later) and are capable of gliding motility (67, 

74).  Most mycoplasmas can effectively be cultured acellularly with media supplemented 
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with serum (lipids and sterols) and/or yeast extract (various cofactors and nucleobases) 

(66, 75, 76). It is important to note that the majority of mycoplasmas have not been 

cultivated and that new technologies involving 16S rRNA sequencing are being 

employed to demonstrate the existence of such organisms. However, stringent taxonomic 

standards are employed to distinguish and confirm the existence of novel organisms (77). 

Mycoplasma, species, have a dynamic host range including fish, cattle, goats, birds, cats, 

dogs, insects, plants, seals and monkeys, in addition to humans (74). The relationship can 

vary by host and includes pathogenic, opportunistic and commensal associations (74).  M. 

pneumoniae is an exclusive pathogen of humans and it’s adaptation to the conducting 

airway is the focus of this dissertation. 

Terminal organelle. The M. pneumoniae terminal organelle is a membrane 

bound, protein studded structure that most resembles the head and crown of a bowling 

pin (78). It is essential for cell polarity, structure, attachment, gliding motility and cell 

division (28, 30, 31).  The complexity and maturation of the terminal organelle, will not 

be the foucs of this introduction (79, 80), but rather the focus will be on specific surface-

exposed proteins which have been demonstrated to have host specific targets and where 

available, assayed in an animal/tissue/cell culture system. Studies on attachment to 

erythrocytes and their clinical relevance have been discussed (2, 81). The M. pneumoniae 

interaction with host cell targets is defined by a characteristic polarity that essentially 

characterizes the microorganism (22, 24, 27, 80, 82) . What is important here is that the 

terminal organelle is essential for M. pneumoniae survival, and that proteins associated 

with attachment and gliding principally localize to this structure, in particular P1 and P30 

(29-31, 83).  
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Cytoskeleton. The length of the core is 220 -300 nm with a width of 40 - 80 nm 

(84, 85). Removal of the M. pneumoniae membrane by Triton X-100 treatment (84, 85) 

reveals a complex structure that defines the bowling pin-like morphology. The underlying 

structure of the terminal organelle is an actin-like structure that forms a terminal button 

with extended fibrils that terminate into a second, somewhat larger, ring-like, negatively 

staining region (84, 85). Residing between the terminal button and the ring-like region is 

lucent space (84, 85), which houses the electron-dense core.  Additional M. pneumoniae 

fibrils were observed by Göbel and coworkers in the cell body distal to the ring-like 

structure, but it is unclear if this was a dividing mycoplasma cell or not, which could 

explain the appearance of the third negatively staining region (85).     

P1. Hu and coworkers identified P1 as a surface-exposed, trypsin-sensitive 

adhesin associated with attachment to hamster tracheal rings (22). The authors 

demonstrated that erythromycin treatment of wild-type M. pneumoniae, following trypsin 

treatment, blocked P1 recovery consistent with the loss of attachment after trypsin 

treatment (22).   

Baseman  and coworkers identified P1 as a 165 kDa protein primarily localized to 

the tip of the terminal organelle (86). Importantly, the authors demonstrated that while 

virulent and avirulent M. pneumoniae present with equivalent P1 levels on 

polyacrylamide gels, the localization patterns are quite distinct (86). Only the virulent, 

attachment capable, wild-type M. pneumoniae exhibited the characteristics polar tip P1 

localization (86).  

P1 antibody was previously shown to block cytadherence, and to localize to the 

terminal organelle tip (29, 87-90). Additionally,  Gerstenecker and Jacobs identified three 
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regions within mature P1 (1 N-terminal domain and 2 C-terminal domains, D1,D2 ) that 

interact 3-dimensionally to facilitate mycoplasma attachment to sheep erythrocytes (87).  

It is likely that these same regions perform a similar role for gliding motile M. 

pneumoniae. P1 has been shown to be differentially phosphorylated, which may play a 

role in protein conformation, attachment and gliding motility (32, 33).       

Seto and coworkers demonstrated that  antibody directed against P1 caused 

gliding motile mycoplasmas to detach from coverglass, while non-gliding mycoplasmas 

were not significantly impacted (29). The authors also reported that the relative 

mycoplasma gliding velocity decreased with increasing P1 antibody concentration, 

further strengthening the link between P1  and M. pneumoniae gliding motility (29). 

The isolation of M. pneumoniae strains deficient in P1 and accessory proteins has 

been very useful in elucidating P1 function.  Mutants III-4 and IV-22 are M. pneumoniae 

M129B25C  isolates recovered from a hemadsorption screen that identified colonies that 

failed to bind to erythrocytes (91). The roman  numerals were  assigned based on the 

absence of specific terminal organelle proteins (HMW1,HMW2,HMW3,A,B,C,P1), with 

an additional numbered designation referring to the colony picked (91). III-4 is  the 

fourth hemabsorbance-negative isolate lacking proteins A,B and C, which is the result of 

a frameshift mutation in MPN142 (91, 92). Similarly, IV-22 is the 22
nd

 hemabsorbance-

negative isolate lacking proteins A, B, C and P1, which is the result of a frameshift 

mutation  in MPN141 (91, 92). The significance of these isolates resides in their use in 

the identification of the P1-B-C complex and how it functions in conferring attachment 

and polarity to the M. pneumoniae cell. Waldo and coworkers demonstrate that 

complementation of   IV-22 with MPN141 (P1) and MPN142 (B/C) restore wild-type 
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protein levels of P1, B/C (92). Similarly, complementation of III-4 restore B/C,  however, 

complementation of IV-22 with MPN142 (B/C) did not result in P1 expression and 

yielded barely detectable B/C (92). What is interesting is that genomic MPN142 in IV-22 

is identical to wild-type (92). These findings, in addition to the paraformaldehyde 

crosslinking studies of Layh-Schmitt and coworkers, indicate that P1 and B/C are part of 

a transcriptionally and translationally linked and codependent complex (83, 92).   

P30. P30 was first identified by Baseman and coworkers as a 32-kilodalton 

protein associated with hemadsorption (93). P30 is localized to the tip of the terminal 

organelle (28, 30) and is essential for attachment to host cells and gliding motility (30, 

31, 94, 95). Analysis of the deduced amino acid sequence of P30 revealed homology with 

P1, specifically with regard to the abundance of proline repeats within the cell surface 

exposed C-terminal region (96, 97). The N-terminus of P30 houses two hydrophilic 

regions that sandwich the transmembrane domain (97). A protease inaccessible domain 

(II) exists just upstream of the C-terminal proline rich region (domain III) but 

downstream of the transmembrane domain (94, 97). Chang and coworkers demonstrated 

the importance of these domains, in particular, extracellular domain III, where deletions 

resulted in deleterious effects on hemadsorption, gliding and P30 stability (94).   

Interestingly, deletions within domain (I) severely reduced attachment and gliding 

motility but not P30 stability to the same degree as domain (III) (94). Similar results were 

reported when the same group examined the signal peptide associated with the N-

terminus of P30 (95). Importantly, cross reactivity of antibodies directed against P30 with 

fibrinogen, keratin and myosin has been demonstrated (97), and thus autoimmunity may 

contribute to some extrapulmonary manifestations of disease.          
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P200. P200 is a terminal organelle protein localized to the very tip of the M. 

pneumoniae  cell body, just distal to the electron dense core, as indicated by Jordan and 

coworkers (98). Its structure includes several N- and C- terminal aspartate- and proline- 

rich regions which flank two internally located glutamate- and proline- rich regions, 

collectively referred to as acidic proline rich repeats (98). It is unclear if and how these 

regions contribute to the overall function of the P200 protein or other proteins that may 

be in close proximity (98). The focus of the study was to identify the location of P200 

and characterize a P200 mutant in terms of adherence, motility and overall cell 

morphology. A wild-type M. pneumoniae strain possessing two insertions, Tn4001 in 

MPN452 (HMW3) and IS256 in MPN567 (P200) underwent a transposon excision that 

restored MPN452 (HMW3) but not MPN567 (P200). The lack of P200 did not appear to 

impact attachment to erythrocytes or the A549 cell line (98). However, differences were 

observed when attachment to NHBE cells was assayed. Briefly, the NHBE cell system 

allows study of M. pneumoniae interactions in the air-liquid interface that directly 

parallels what occurs in vivo (covered later). The essential difference here is that the 

mycoplasmas have to deal with cilia and mucus within the NHBE cell system. What can 

be gleaned from the NHBE attachment data is that there is a reduction in attachment in 

the P200 mutant when compared to wild-type. This correlates with the >60% reduction in 

gliding velocity of the mutant. In agreement with this, complementation of the P200 

mutation resulted in restoration of attachment and gliding velocities to wild-type (98).   

Additional proteins. Kannan and coworkers determined that the protein product 

of MPN372 is capable of interaction with human surfactant protein A (hSP-A) (99). 

Human surfactants are known for their opsonic capabilities as well as the ability to reduce 
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surface tension in the lung (100, 101). The MPN372 product was accessible to trypsin 

treatment, and hSP-A binding activity was enhanced in the presence of calcium but not 

zinc or magnesium, suggesting further a distinct interaction (99). Interestingly, the 

authors observed N-terminal homology between the putative adhesin and the S1 subunit 

of Bordetella pertussis toxin (99). Dallo and coworkers have described an additional 

interaction between fibronectin (component of the extracellular matrix) and mycoplasmal 

proteins (102). However, it is unclear how either of these proteins or their interactions 

impact disease or disease progression in vivo. For example, early images of M. 

pneumoniae interactions demonstrate organisms perpendicular to the plane of infection 

(26, 27, 103), consistent with the polar nature of P1 and P30 but not with the proteins 

suggested by Kannan (104) and Dallo (102). Also, it would be challenging to distinguish 

the roles of such proteins from P1 and P30, which the literature supports as primary 

movers in terminal organelle function (previous section). 

Virulence and Pathogenicity 

Attachment and gliding motility. Early work by Lipman and coworkers 

suggested colony morphology and the inability to attach (to glass or eukaryotic cells) as 

markers for virulence (45, 105). Attachment assays by Powell and coworkers employing 

radiolabeled mycoplasmas demonstrated  that  M. pneumoniae M129 B172 (non-adherent 

to glass) lacked fitness for cytadherence when tested in animal tracheal sections (24). 

Similarly, Krause and coworkers demonstrated an important link between loss of specific 

terminal organelle proteins, failure to persist and reduced respiratory pathology (91).   

Mycoplasma gliding motility requires attachment to surfaces to be functional 

(106, 107). Early work by Leith and coworkers (108), along with recent work (54, 98), 
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indicate that attachment and gliding motility are separable characteristics when it comes 

to virulence.  Szczepanek and coworkers linked poor gliding ability to reduced lung 

lesions and airway clearance in mice (54). Taken together, adherence is a necessary but 

not sufficient indicator for virulence. The intimate relationship between attachment and 

gliding motility prohibits a definitive statement on which is more important. For example, 

attachment may be important for delivery of certain enzymes or toxins to epithelial 

targets. 

Peroxide formation. Peroxide production by M. pneumoniae is less 

controversial.  In fact, reactive oxygen species have been shown to directly impact the 

barrier function and cytoskeletal organization of the airway (109, 110). In the 1960s 

Somerson and coworkers conducted simple but important experiments on the putative M. 

pneumoniae hemolysin (42). While they did not identify a specific protein, lipid or 

pathway by which peroxide was generated, they did show that the end product could 

cause cell injury, and that this process was capable of being inhibited in a titratable 

manner. The assay employed catalase and/or peroxidase as an inhibitor of erythrocyte 

lysis.  Specifically, catalase activity would remove the mycoplasma-produced peroxide, 

thereby blocking hemolysis. As little as 400 catalase units was capable of limiting 

hemolysis, while heat inactivated catalase had no effect on hemolysis (42). The addition 

of the catalase inhibitor 3-amino-1,2,4- triazole (AT) allowed hemolysis to occur in the 

presence of catalase, and in a few cases enhanced hemolysis in the absence of catalase 

(42).  Interestingly, the authors pointed out that the inhibitory effect of AT requires the 

formation of a catalase-peroxide complex (42), further suggesting peroxide as the 

hemolysin. A mechanism for mycoplasma induced peroxide formation involves glycerol 
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metabolism, where the production of hydrogen peroxide is formed as a product of 

dihydroxyacetone phosphate formation (111) .   

Lipoprotein. Pattern recognition receptors (PRR) of innate immunity recognize 

pathogen-associated cell wall components, nucleotide, glycoproteins and glycolipid 

patterns, which then facilitate pro-inflammatory signaling and subsequent clearance 

(112). M. pneumoniae di- and tri-acylated lipoproteins have been implicated in the 

activation of Toll-like PRR (113-115). Chronic M. pneumoniae infection is likely to 

result in prolonged pro-inflammatory signaling with concomitant white blood cell 

infiltration and airway injury. It is noteworthy that this response is likely to occur for 

whole cell M. pneumoniae and its lysed cellular components.  

Community Acquired Respiratory Distress Syndrome toxin. Kannan and 

coworkers identified the MPN372 product as Community Acquired Respiratory Distress 

Syndrome (CARDS) toxin based on homology with the S1 subunit of Bordetella 

pertussis toxin (43). It is unclear if the toxin is secreted or if it is solely responsible for 

the reported toxicity.  Recent efforts have been directed with associating CARDS toxin 

with chronic pulmonary disease (116, 117). The toxin is reported to cause cell injury in 

immortalized human cell lines and baboon tracheal organ culture (43). 

Intracellular localization of M. pneumoniae. With the emergence of macrolide 

resistance, extrapulmonary manifestations, and long-term shedding and recovery of 

organisms, an epithelial niche for mycoplasmas has been highly sought after (118, 119).  

While no direct clinical evidence of intracellular localization has been observed, in vitro 

evidence of M. pneumoniae intracellular localization is available (120-123). The methods 

used to examine the internalization of mycoplasmas have been quite diverse. Baseman 
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and coworkers employed cell sorting and double fluorescent labeling (lipid specific 

DilC18 and Fluorescein) techniques (120) while Dallo and coworkers utilize the 

transformed Hep-2 cell line (121), which are HeLa cell derivatives (124) and not derived 

from the larynx as reported previously (125).  In the model proposed by Meseguer and 

coworkers, the authors used a human cell line derived from the human liver (Hep-G2) 

and a mouse neuroblastoma cell line derived from the brain (N2-A) (122). In contrast to 

the previous studies, the authors used clinical isolate M. pneumoniae RYC15989 

recovered from a patient with pericarditis (122), which would be expected to be invasive 

considering the isolation site. Yavlovich and coworkers used an enrichment method that 

would select for internalized mycoplasma by using 400 µg/ml of gentamicin for 2 hours 

(123).  Extracellular mycoplasmas would be killed, while those within the host 

epithelium would be protected.  This method was employed previously by Andreev and 

coworkers showing invasion of HeLa cells by Mycoplasma penetrans (126). The 

observations made by the authors in this section can best be described as model specific. 

The common thread among these works is that they utilize a cell culture system that more 

likely reflects an injured airway, whereby, the monolayer is in a state of repair, migration, 

and low polarity (127). Thus, these observations become relevant during chronic disease 

states, where the epithelium is more sensitive to colonizing bacteria, and intracellular 

localization may set up the next round of infections. A similar model-specific outcome 

has been described for Pseudomonas aeruginosa infections (128, 129).   

 M. pneumoniae Airway Disease 

Primary atypical pneumonia (PAP). In 1942 a detailed study of 100 cases of 

non-fatal PAP was conducted by Meakins (53). The majority of cases reported slow onset 
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disease with mild to moderate presentation of symptoms, which include cough, general 

malaise, headache, chills, fever, and general aches (53). The characteristic dry cough 

became productive with convalescence and correlated with bronchial lung infiltration 

observed on X-ray (51-53). Prolonged convalescence was also reported, taking as long as 

47 days (53). It is noteworthy that of the 100 cases, 32 were treated with sulfonamides, 

which had no effect on the course of disease (53). Mycoplasmas are intrinsically resistant 

to sulfonamides and beta-lactams antibiotics (74). Additionally, Meakins’ work 

demonstrated a relationship between the widespread nature of the cases and the slow 

onset of disease (53), which is in agreement with Chanock (130). Penicillin or 

sulfonamide resistance, slow onset of disease and failure to culture bacteria were the 

initial descriptors of PAP.     

A prisoner volunteer study on the progression of PAP was conducted by Chanock 

and coworkers (62). Fifty-two men were infected via the nasal and oral route and 

monitored serologically and symptomatically (62). Noteworthy is the demonstration of 

PAP disease symptoms in the test population and the ability to detect Eaton agent-

specific antibody via fluorescence (62). The authors did not report complete isolation of 

Eaton’s agent despite observable airway disease symptoms and positive serology (62), 

which is a pattern that persists and helps explain the focus on non-culture based 

techniques to this day (131-134). This study also added to the mounting evidence 

indicating the unreliability of the indirect cold agglutinin serological test for Eaton’s 

agent in PAP (62, 135). This indirect test assays for antibody titers that causes clumping 

of erythrocytes when refrigerated in vitro and is not specific for M. pneumoniae (135).   
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Chronic airway disease. Asthma is potentially a fatal chronic airway disease 

characterized by wheezing, airway constriction, abnormal mucus production, eosinophil 

infiltration and airway reorganization (57, 58, 136, 137). It is well known that M. 

pneumoniae airway disease is usually non-fatal and so it is unclear if mycoplasma airway 

disease results in asthma or an asthma-like spectrum. Additionally, it is unclear what the 

case may be for cystic fibrosis or chronic obstructive pulmonary disease, where poor 

mucus clearance results in high bacterial burden (138-140).   

Hardy and coworkers investigated chronic mycoplasma airway disease using a 

murine model (118, 141). In the initial chronic exposure work, BALB/c mice received 

intranasal inoculation of M. pneumoniae bacteria in broth and were held for extended 

periods up to 530 days (118). The ability to culture and detect M. pneumoniae bacteria 

from bronchial alveolar lavage decreased over the course of the experiments (118). 

Characteristic histopathology associated with chronic infection was observed at 530 days, 

the severity of which was lessened if the immunoglobulin G titers were increased (118). 

Seven of nine BALB/c mice at 530 days postinfection presented with peribronchial and 

perivascular infiltrates, with negative cultures (118). PCR as a detection method was of 

limited value (118). The lack of detection does not suggest that the M. pneumoniae 

bacteria are not present (see previous section). This is not entirely surprising when you 

revisit the early work of Meakins, who reported the extended stay recovery of a few 

months with cases of PAP (53). A later study by Hardy and coworkers demonstrated 

reduced histopathology associated with a 10-day treatment with telithromycin (MIC 

≤0.001μg/mL) of chronically infected BALB/c mice at 530 days postinfection (141). 

Taken together, for human infection, these studies indicate that while direct observation 
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of M. pneumoniae in clinical cases (or current available models) remains elusive, the 

brunt of the impact will be felt by the subset of cases that may be predisposed to chronic 

infection (118). The nature of the chronicity may result in an asthma-like spectrum in 

humans, as demonstrated by Hardy (118, 141). Additionally, the existence of this 

population will keep M. pneumoniae persistent in the community, making eradication 

impossible. Improved model systems would be a step in the right direction, providing a 

better understanding of the missing link between acute and chronic disease.   

 Conducting Airway Defense  

The mucociliary apparatus. The mucociliary apparatus is the primary airway 

defense of the conducting airways (59). It is a complex three layer system that includes 

the gel layer mucus, periciliary layer and polarized epithelium. Each layer provides an 

additive barrier that together restricts pathogen colonization. Airway mucus captures and 

dilutes substances for transport via coordinated ciliary beating.  Healthy airway mucus is 

95% water, with the remainder consisting of sulfated glycoproteins, lipid, antibody, 

surfactants and innate defense proteins. The thickness and viscosity of gel layer mucus is 

regulated via degree of sulfation of polymeric mucins and hydration of the gel-layer, 

which is in part regulated by the periciliary layer. The barrier forming epithelium of the 

conducting airway is supported by junctional protein arrays that give the epithelium its 

apical and basal polarity, as well as regulating ion and fluid flow to the periciliary layer. 

Gel-forming and tethered mucins. Mucins make up the principal glycoprotein 

component of the mucociliary defense. Mucins serve as both gel-forming (MUC5AC, 

MUC5B) and tethered (MUC1, MUC4) polymers involved in barrier formation. For gel-

forming mucins (MUC5AC, MUC5B), crosslinking via N- and C- terminal cysteine 
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residues yields a branched fully extended macromolecular mesh that characterizes the 

spinnability of gel layer mucus (discussed later). Tethered mucins found in the periciliary 

layer are localized to the luminal surface of epithelia and are often used as markers of 

polarization and development (142, 143), and have been shown to have a role in cell 

signaling (144). MUC1 and MUC4 are associated with the microvilli and cilia, 

respectively, and extend perpendicular to their surfaces forming a meshwork that restricts 

access to the underlying epithelium (145). Mucins characteristically possess a mucin 

domain consisting of a variable number of tandem repeats, where serine and threonine are 

targeted for O-glycosylation by transglycosylases.  The variable size of mucins is directly 

associated with the size of the mucin domain and level of glycosylation. It has been 

suggested that the net negative charge of the airway, provided mainly by glycosylated 

mucins, is responsible for clearance of bacteria (146). It is noteworthy that M. 

pneumoniae has been known to interact with various oligosaccharide residues, especially 

sialic acids, found on airway epithelium (40, 41) and it has been proposed that differential 

oligosaccharides may affect motility (147). This is by no means an extensive coverage of 

the field of mucin biology, see (146, 148) for reviews on secreted and tethered mucins, 

respectively. Taken together mucins account for a major portion of the rheological 

properties of the airway, due mainly to the O-glycosylation of the mucin domains.  

Airway mucus properties. The gel-layer of airway mucus is referred to as 

having viscoelastic properties or those of a non-Newtonian fluid (149, 150). For 

Newtonian fluids, there is a linear relationship between shear stress and shear rate, the 

quotient of which is termed viscosity (149, 150). Shear stress is the force applied to a 

specific area while shear rate is the velocity gradient (149).  For airway mucus, this 
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means that functional mucus resists motion and deformation while also being able to flow 

with enough elasticity such that it does not fall apart or tear (149, 150). Transport-capable 

mucus must have load bearing capacity and spinnability, which is the ability to draw 

mucus into long beads (149, 150). These properties allow mucus movement as a 

continuous blanket and permit diffusion of select molecules involved in innate defense 

(150-154).   

Periciliary layer. Cilia are located within the periciliary layer (PCL) and are 

tasked with propelling the overlying gel-layer mucus. The motile cilia of the ciliated 

epithelium of the human airway are 5-7 μm in length, which spans the PCL (58). Cilia are 

membrane bound protrusions of a cytosolic arrangement of microtubules that are 

anchored to basal bodies, which are then anchored to filamentous actin via ciliary 

adhesion complexes (155). This association gives support and coordination to the cilia 

stroke in order to propel the overlying mucous blanket, which is coordinated with mucus 

secretion (156, 157). Ciliary beat frequencies range from 10-14 Hz (158), which when 

combined with the rheological properties of healthy mucus facilitate movement of the 

contiguous mucous blanket.  

The secondary barrier residing beneath gel-layer mucus is referred to as the 

periciliary layer (PCL). Button and coworkers have described the periciliary layer as 

having a brush-like quality as opposed to liquid phase (145). In this “gel-on-brush 

model,” as ciliary beating ensues the gel layer mucus compresses the PCL, which brings 

the gel layer mucous in close proximity to the underlying epithelial cells (145). Within 

the PCL, tethered mucins and associated mucopolysaccharides form a barrier that not 

only regulates gel layer mucous rheology, through hydration,  but also prevents the gel 



21 

 

layer mucus from interacting with the underlying epithelial cells (145). This same barrier 

was demonstrated to limit the penetration of 40 nm fluorescent beads in much the same 

way that gel layer mucus fails to make contact with the underlying epithelium (145).  

When ciliary beating was inhibited by pretreatment with 1% isoflurane, the PCL barrier 

was not only maintained but also appeared to increase in thickness (145). In summary, 

the PCL acts as secondary barrier to colonization by limiting the penetration of the 

overlying gel layer mucous.  

The epithelial barrier. The third physical barrier in the airway centers on 

functional cell junctions associated with epithelial cells. The protein complexes 

associated with anchoring and tight junctions are responsible for: regulating paracellular 

transport and concentration gradients, while also fencing in lipids that give the epithelium 

its characteristic polarity (159-162). Useful markers of cell polarity are the cadherins, 

integrins, occludins, claudins, and junction adhesion molecules, which are linked either to 

actin or intermediate filaments of the cytoskeleton.       

The barrier function can be assayed via trans epithelial electrical resistance 

(TEER). An intact epithelial barrier will have electrical resistance reported in Ω-cm
2
.  As 

indicated by Ohm’s law, V=IR, where V= voltage, I=current, R=resistance.  A reduction 

in resistance indicates an increase in current at constant voltage, which suggests a change 

in barrier function. Claude and coworkers have demonstrated a relationship between 

electrical resistance and complexity at the tight junction (163, 164).  TEER measurements 

have been used in conjunction with immunohistochemistry for the junctional proteins to 

indicate a loss of barrier function (165-168).  An alternative to TEER is the use of 
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fluorescent molecules to assay for paracellular permeability, where paracellular transport 

can be visualized and quantified via fluorescence units (169).  

Normal human bronchial epithelium (NHBE) culture. Human bronchial 

epithelial cells in air- liquid interface culture offer a favorable alternative to submerged 

cell culture models. Gray and coworkers demonstrated that serially passaged bronchial 

epithelial cells cultured in air-liquid interface present with cilia, mucus secretion and a 

functional barrier measured via electrical resistance (55). The authors detected lysozyme, 

lactoferrin and secretory leukocyte protease inhibitor (SLPI), which are antimicrobial 

peptides characteristically associated with the mucociliary defense (55). Two important 

observations were made by the authors. The first was that 5 ×10
-8

 M retinoic acid (RA) 

supplementation with 0.5 ng/ml epidermal growth factor  (EGF) was associated with a 

non-necrotic normal appearing columnar epithelium in contrast to 25 ng/ml EGF (55).  

This is an important observation because when determining cytological pathology 

induced by organisms it is essential to consider the conditions in which the assay is 

taking place. The second, was that successive serial passages resulted in reduced 

electrical resistance and reduced numbers of ciliated cells (55), both of  which are 

components of a functional mucociliary barrier (58, 145, 159, 170).  

NHBE culture model for M. pneumoniae studies. The first M. pneumoniae in 

vitro air-liquid interface culture study was conducted by Krunkosky and coworkers (171).  

In contrast to previous models, this study demonstrated a stable and testable barrier 

function (TEER, Zona occludin-1, ciliary beating, mucus secretion) that a colonizing 

mycoplasma would encounter during normal infection, which parallels in vivo conditions 

in the human airway (171). Another key distinction is the recognition that host-pathogen 
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interactions occur in the lumen of the airway, sequestered from the lamina propria (in 

vivo) or culture media (in vitro). An important initial observation was that mycoplasmas 

rapidly colonized ciliated epithelium in as little as 2 minutes, and that the localization 

increased with time (171). This observation becomes more striking when viewed in the 

same plane as non-ciliated cells, which appeared devoid of detectable mycoplasmas 

(171).  The authors also demonstrated increased mRNA levels for of adhesion molecules 

associated with inflammatory localization (56, 171, 172). Taken together, the in vitro air-

liquid interface studies conducted with NHBE cells offer the best available model to 

study host-pathogen interactions at the mucociliary barrier.  
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CHAPTER 3 

MATERIAL AND METHODS 

General Methods 

Mycoplasma strains. Wild-type M. pneumoniae M129 (17
th

 broth passage) 

(105), S1 (43, 99) P01 (173) ; P30 mutants II-3, II-7, and II-3 revertant (30, 31, 97) and 

II-3 P30 complement (30, 94, 95); P200 mutant (98); prpC mutant (33).  

Gliding measurement. M. pneumoniae gliding phenotypes were confirmed as 

described (30) but with modifications. Briefly, mycoplasmas were grown overnight at 

37⁰C in chambered slides (Nunc Nalgene, Naperville, IL) in modified SP-4 medium (no 

phenol red; + 3% gelatin, pH 7.2). The spent medium was then removed and replaced 

with fresh pre-warmed modified SP-4 medium. Mycoplasma bacteria were viewed by 

using a Leica DM IL inverted microscope (Leica Microsystems, Buffalo Grove, IL)  with 

digital CCD camera (Hamamastsu Photonics K.K., Hamamatsu-City, Japan) and 

analyzed using Openlab version 5.5.0 (Perkin Elmer, MA). A minimum of 20 

uninterrupted frames at a constant time interval, were analyzed along a collision-free path 

for > 100 individual cells per strain for gliding velocity. For the chronic exposure study a 

minimum of 50 individual cells were measured. This software allows for movement 

tracking with time stamp capability for calculating distance traveled over time. Gliding 

frequency was determined by counting the number of motile cells per field and dividing 

by the total number of cells in the same field (n= approximately 2100 cells per strain). 
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The mutant II-3 is non-motile (30) and was not measured but confirmed visually. Gliding 

data for the acute and chronic exposure experiments are listed (tables 1& 2, respectively)  

NHBE cell culture. NHBE cells are primary airway cells from the bronchial 

epithelium, cultured as described (56, 171). Briefly, expanded NHBE cells (Lonza, USA) 

were seeded onto collagen coated transwell inserts (Costar, Cambridge, MA) and grown 

to near confluency in submerged culture in 1:1 bronchial epithelial cell growth medium: 

Dulbecco’s Modified Eagles medium with high glucose (BEGM:DMEM-H; Lonza) 

supplemented with Single-Quot (Lonza) components: 0.5 ng/ml human recombinant 

epidermal growth factor, 0.5 µg/ml hydrocortisone, 5 µg/ml insulin, 10 µg/ml transferrin, 

0.5units/ml epinephrine, 6.5 ng/ml triiodothyronine, 50 µg/ml gentamicin, 50 ng/ml 

amphotericin B, and 65 ng/ml bovine pituitary extract, as well as 5×10
-8

 M all-trans 

retinoic acid (Sigma-Aldrich, St. Louis, MO). The culture was maintained in a humidified 

atmosphere with 5% CO2 at 37⁰C. The apical medium was then removed and the 

epithelium fed only basally from this point forward.  As indicated in figure 1, the number 

of days in development was designated relative to initiation of air-liquid interface (ALI) 

culture, corresponding to day 0. For the chronic exposure study PneumaCult-ALI 

Medium (Stem Cell Technologies, Canada) was used to facilitate terminal differentiation 

within 30 days, instead 50 using the previous method (56). NHBE cultures were switched 

to antibiotic free media at least 3 days before infection for all studies.       

Mycoplasma growth and radiolabeling. Mycoplasmas were grown at 37⁰C in 

SP-4 medium (75) until the phenol red pH indicator turned orange. Antibiotics were 

included as appropriate for certain mutants (33). For radiolabeling studies, mycoplasmas 

were cultured in the presence of 100 µCi (methyl- 
3
H) thymidine (6.7 Ci/mmol; 
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PerkinElmer) harvested and collected by centrifugation and washed 3× in fresh SP-4 

medium as described (174). Mycoplasmas were suspended in 1.8 ml SP-4 medium, 

incubated at 37⁰C for 10 min, syringe-passaged 10× with a 25-gauge needle, and 

centrifuged at 123 × g for 5 min at 25⁰C to remove large clumps. The resulting 

supernatant was used for NHBE cell infection. Infections were initiated with 10
10

 colony-

forming units (CFU) of radiolabeled mycoplasmas in 150 µl SP-4 medium (7.6 × 10
5
-3.2 

× 10
6
 CFU/CPM).  Mycoplasma CFU were measured as described (175). Cytadherence 

assays were carried out over a three-day period for each time point due to the time 

required for sample processing. Assays were repeated twice, and the two highest and 

lowest results from 12 data points per sample were omitted before calculating means and 

confidence intervals.   

Mycoplasma infection and labeling. For the acute exposure studies, NHBE cells 

were washed apically with Hank’s Balanced Salt Solution (HBSS; Sigma-Adlrich) 4 h 

prior to infection and incubated at 37⁰C in a humidified atmosphere with 5% CO2 to 

allow mucus accumulation to a depth approximating that in the human airway (58). 

Unlabeled mycoplasmas at 10
6
 CFU in 150 μl SP-4 broth were added to the apical 

surface.  For chronic exposure studies, 10
6 

or 10
9
 color change units (CCU) (176) in 100 

μl HBSS, was used to infected NHBE cells in parallel. During the infection, NHBE cells 

were normally fed (antibiotic free medium) every 3 days from the basal medium 

compartment and washed with 200 μl HBSS. At the appropriate timepoint, for both acute 

and chronic exposure, the inoculum was removed by gentle suction and cells were 

washed with HBSS, fixed with PBS + 7.4% formalin (v/v) for 1 h at room temperature 

and blocked with 10% goat serum (Sigma-Adlrich) in PBS. Blocked specimens were 
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probed for M. pneumoniae by using rabbit antisera raised against whole organisms (1:250 

for immunofluorescence) (86), followed by goat anti-rabbit Cy3 (1:250; Invitrogen, 

Eugene, OR). Actin localized to tight junctions was identified by using phalloidin-647 

(1:40; Invitrogen). Beta-tubulin in cilia was detected with conjugated fluorescein 

isothiocyanate (FITC) anti-tubulin antibody (1:250; Abcam Inc., Cambridge, MA). 

Additional tight junction markers also were screened using anti-zona occluden-1 (1:250; 

Invitrogen) and anti- E-cadherin (1:250; Abcam Inc.). Antibody directed at the tethered 

mucins (MUC1 and MUC4) were used as cell polarity markers (1:250; Abcam Inc.) with 

conjugated-FITC goat anti-mouse used as secondary (1:200; Invitrogen) and nuclei were 

stained using DAPI (Sigma-Aldrich). An alternative nuclear stain was used for M. 

pneumoniae infected desquamated epithelium, NucBlue Live Cell Stain (Life 

Technologies, Grand Island, NY). Immunohistochemistry (periodic acid-schiff stain, 

hematoxylin and eosin) was conducted as described (56, 177).  

Mycoplasma growth experiments. Assessment of mycoplasma growth in 

infected transwells and the associated basal chambers were measured using color change 

units (CCU) (176).  Briefly, infected airway cells were moved to a new chamber, washed 

with 200 μl HBSS followed by incubation with 200 μl of trypsin- EDTA (Sigma-Aldrich) 

for 15 min at room temperature.  Two hundred microliters of SP-4 medium was added 

and then the surface was scraped with a P1000 to remove any attached cells from the 

transwell. The suspension was syringe passaged 10 × using a 25 gauge needle and then 

replicate aliquots were taken and serially diluted. The basal chamber was assessed 

similarly but did not require trypsin treatment. Assessment of M. pneumoniae associated 
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with the luminal supernatant was conducted using days to color change of the SP-4 

medium. 

Microscopic analysis. For the acute exposure study, images were captured and Z-

stacks constructed using either a Zeiss LSM 510 META (Carl Zeiss, Thornwood, NY) or 

Nikon A1R (Nikon Instruments Inc., Melville, NY) confocal microscope, with 

subsequent image analysis using ImageJ (National Institutes of Health, Bethesda, MD; 

(178). To quantify mycoplasma colonization levels with ciliated NHBE cells, regions of 

interest (ROI) having approximately 200 NHBE cells were identified and categorized 

based on density of ciliated cells: <20%, 21-80%, and 81-100%. The M. pneumoniae 

bacterial numbers associated with each ROI were measured by fluorescence intensity 

above the background control. Confidence intervals or standard deviations were reported 

as indicated. For the chronic exposure study, baseline fluorescence was established using 

uninfected controls at 4 h to assess all samples (infected and uninfected). Microscopic 

images are representative data from a minimum of three independent experiments (acute 

and chronic exposure). 

Airway barrier function. Trans epithelial electrical resistance (TEER) was 

measured as an indicator of barrier function using the Epithelial Voltohmmeter (World 

Precision Instruments, Inc. Sarasota, FL) (179). Briefly, the epithelial apical surface was 

washed once with HBSS to remove secreted mucus, 200 or 500-μl (for 0.33cm
2
 or 1.12 

cm
2
 corning transwells, respectively) volume of fresh HBSS was added to the apical 

surface and electrical resistance was measured per the manufacturer’s instructions. 

Following the manufacturer’s instructions, the baseline measurement was defined as the 

TEER of uncoated transwell inserts without NHBE cells (≤ 200 Ω-cm
2
).     



29 

 

Fig. 1. Transwell chamber system and NHBE cell development. From left to right: 

airway cells on transwell inserts (black) are fed from the basal compartment (red) of the 

system and terminally differentiate from squamous-like (day 2) to pseudostratified 

epithelium (day 40) secreting mucus (blue) and ciliary beating (black lines). Not drawn to 

scale.  
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Table 1 Gliding and attachment data for strains used in the acute study. 

Strain Hemadsorption 

(% wild-type) 

Gliding motility Reference 

Velocity (μm/sec)
a
 Frequency

a
 

Wild-type M129 100 0.378 ± 0.023 27% ± 5.3 (30, 31) 

II-3 5 0 0 (30, 31) 

II-7 35 0.021 ± 0.028 9% ± 1.2 (30, 31) 

II-3 Complement 100 0.358 ± 0.024 28% ± 4.96 (30, 31) 

II-3 Revertant 60 0.012 ± 0.002 10% ± 1.9 (30, 31) 

P200 90 0.167 ± 0.019 9% ± 1.4 (98) 

prpC 70 0.403 ± 0.019 53% ± 8.6 (33) 

 

a
 Reported as the mean and 95% confidence interval. 

 

 

 

 

 

 

 

 

 

 



32 

 

 

Table 2. Gliding data for strains used in the chronic exposure study. 

Strain Gliding motility (μm/sec)
a
 Reference 

Wild-type M129 0.3028 ± 0.148 (105) 

Wild-type PO1 0.294 ± 0.114 (173) 

Wild-type S1 0.1805 ± 0.086 (43, 99) 

 

a
 Reported as the mean and standard deviation. 
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CHAPTER 4 

RESULTS 

 Acute Exposure Study  

The purpose of the acute exposure study was to examine the role of mycoplasma 

gliding motility during colonization of terminally differentiated NHBE cells expressing a 

mucociliary defense. Developing NHBE cells were infected with gliding, reduced-gliding 

or non-gliding mycoplasmas to determine relative numbers of colonization and 

localization. Examination of underdeveloped NHBE cells yielded greater resolution as to 

how gliding mycoplasmas interact with the fully differentiated epithelium. In addition, 

mycoplasmas likely encounter underdeveloped airway (basal) cells as a result of normal 

epithelial turnover (180, 181), and the mycoplasma burden of the “unprotected” 

epithelium has not been previously examined.   

Airway cell development. The development of normal human bronchial 

epithelium was monitored visually by immunohistochemical staining and TEER (Fig. 2).  

At day 2-4 ALI (air-liquid interface) epithelial cells were squamous-like morphologically 

with cells as large as 30 µm in diameter. The cell layer appeared fully confluent, with no 

evidence of culture medium from the basal compartment in the apical chamber. Actin 

labeling demonstrated organized tight junctions over > 90% of the transwell surface, and 

analysis by confocal microscopy indicated that the monolayer was as thin as 10 µm in 

some regions (data not shown). These observations were consistent with the near-baseline 

TEER (≤ 200 Ω-cm
2
) measured at this point (Fig. 2). PAS staining was positive, but 
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secreted mucus was not observed on the apical surface. In summary, day 2-4 airway cells 

characteristically presented as underdeveloped epithelium with no detectable cilia or 

mucus secretion. These early developmental cells collectively are referred to as day 2 

airway cells. 

 Day 10-12 airway cells exhibited a cobblestone morphology, with large 

squamous-like cells less numerous. Actin labeling was localized to cell borders in all 

areas of the transwells. PAS staining was positive, but mucus secretion was not typically 

observed, and ciliated cells accounted for less than 1 % of the apically exposed cells (data 

not shown). In summary, day 10-12 airway cells were more polarized, as indicated by an 

increase in TEER, but lacked mucus production and ciliation was rare. These 

intermediate developmental cells collectively are referred to as day 10 airway cells. 

 Day 15-17 airway cells demonstrated cobblestone morphology similar to day 10 

airway cells but with fewer squamous-like cells. Fluorescence microscopy indicated the 

presence of more ciliated cells than with day 10 airway cells, but their presence 

accounted for < 5% of the surface area. PAS staining was positive, and mucus production 

was clearly visible. Secreted mucus at the apical surface exhibited no evidence of the 

phenol red indicator from the basal compartment, and TEER was higher at this stage, 

indicating further cell polarization and adequate barrier function. These mucus-

producing, intermediate-development cells are collectively as day 15 airway cells. 

 Day 43-45 airway cells exhibited robust mucus production and ciliated cell 

presence, although ciliated cells were unevenly distributed in the transwells.  In some 

regions populations of ciliated cells were observed in large areas of near confluence, 

while other areas had only sparse ciliation. Ciliary beating and directional movement of 
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mucus was observed by using fluorescent microspheres (0.05, 2.0 and 9.9 µm; data not 

shown). The epithelium had largely a cobblestone appearance, but some ciliated cells 

appeared to be narrower or larger than the 10-15-µm range observed for most cells.  In 

summary, day 43-45 airway cells characteristically exhibited abundant mucus secretion 

and substantial ciliation. These airway cells are referred to as terminally differentiated 

day 43 airway cells. 

Primary airway cell development and M. pneumoniae adherence. Attachment 

of radiolabeled mycoplasmas to airway epithelium was measured at different stages of 

development (Fig. 3). The highest adherence for all strains was observed with day 2 

airway cells and dropped 3-5-fold with day 10 airway cells, correlating with epithelial 

cell polarization but not appearance of mucociliary function. Wild-type adherence was 

comparable for day 10 and 15 airway cells but then dropped again significantly with day 

43 airway cells. As expected, non-adherent mutant II-3 exhibited the lowest levels of 

adherence at all stages of NHBE cell development. Mutants II-7 and II-3R exhibited 

adherence to erythrocytes at 35% and 60% of wild-type, respectively, but very low 

gliding velocities ((30); Table 1) and colonized NHBE cells at day 10 and beyond at 

levels comparable to the baseline levels for mutant II-3. The P200 mutant adhered at a 

wild-type level with day 2 airway cells but at levels below wild-type for airway cells at 

later points in development (Fig. 2). We previously showed that complementation of this 

mutant with the recombinant wild-type allele for P200 in trans restores NHBE cell 

colonization to wild-type levels (22), but it also cannot be ruled out that revertants in the 

mutant population contribute to the adherence observed both here and previously (22). In 
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contrast to the P200 mutant, the hyper-motile prpC mutant attached at lower levels than 

wild-type with day 2, 10, and 15 cells but at wild-type levels with day 43 cells (Fig. 3).   

Initial mycoplasma interactions on differentiated NHBE cells. M. pneumoniae 

localization was assessed on day 43 cells at 2, 30 and 240 min postinfection.  Figure 4A 

illustrates the typical interaction of M. pneumoniae with ciliated cells after 30 min.  

Organisms resided in the same plane as the cilia, and note that the DAPI stain 

corresponded to mycoplasmas on the apical surface, while NHBE cell nuclei were 

beneath the scanning area and not in view. Detection was inconsistent at 2 min and 

appeared to be very sparse. Colonization patterns became more apparent but changed 

little between 30 min and 240 min postinfection (Fig. 4C). At all time points wild-type M. 

pneumoniae largely localized to ciliated cells, and colonization favored regions of the 

epithelium with dense clusters of ciliated cells versus sparsely ciliated regions (Figs. 4, 5 

and 6). The overall density of mycoplasma fluorescence associated with ciliated cells 

increased with incubation time. This pattern was likewise observed with the intermediate-

gliding P200 mutant, but with reduced overall mycoplasma fluorescence density (Fig. 5).  

As expected, mycoplasma fluorescence was low and often barely detected for mutants II-

3R and II-3 and largely failed to correlate with cilia density (data not shown and Fig. 4, 

respectively).   

In order to evaluate further the relationship between mycoplasma colonization and 

ciliated cell density, the data from figure 4B were analyzed for each strain and time point 

according to the extent of ciliation, which was categorized as low, medium, or high  

(<20% , 20-80%, and >80% ciliated cells, respectively; Fig. 6). Colonization was not 

consistently quantifiable at 2 min, but at 30 min mycoplasma fluorescence increased with 
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ciliated cell density, and at 240 min mycoplasma fluorescence associated with medium 

and high ciliated cell densities had increased approximately 2.5-fold. Significant 

association of wild-type mycoplasmas with areas of low ciliated-cell density was not 

noted until 240 min and was >3-fold higher than that for the P200 mutant.  Interestingly, 

while spreading from ciliated cell foci may account for colonization of non-ciliated cells, 

at no time was an equal distribution of M. pneumoniae bacteria on ciliated and non-

ciliated cells (Fig. 4 & 5). Furthermore, removal of the gel-layer mucus by washing day-

43 airway cells with Hank’s Balanced Salt Solution or dithiothreitol (10mM) did not 

appear to enhance colonization of non-ciliated cells by wild-type M. pneumoniae or 

negatively impact localization to cilia (Fig. 7).   

Spatial and temporal colonization patterns. Mycoplasma localization on 

underdeveloped epithelium of the conducting airway has not been described. The 

stepwise development of NHBE cells and the previously described attachment assays 

(Fig. 3) suggested that localization patterns were likely to be similarly striking.  

Mycoplasmas may not always encounter fully differentiated epithelium in vivo.  

Examination of the localization patterns on NHBE cells lacking all or part of the 

mucociliary defense was expected to give a snap shot to likely patterns that may occur.  

Confocal analysis of day 2 cells infected with wild-type M. pneumoniae revealed 

mycoplasmas in numerous, near-confluent consolidations separated by areas of much 

lower colonization density, but otherwise with no apparent pattern to the mycoplasma 

distribution (Fig. 8, top panel). Mycoplasma colonization of day 10 cells was less 

consolidated and more diffuse, consistent with the reduced adherence observed in binding 

assays with radiolabeled mycoplasmas. Mycoplasmas appeared randomly localized in 
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areas of diffuse colonization, except that highest mycoplasma densities where often noted 

along NHBE cell perimeters colocalized with actin (Fig. 8, bottom panel, arrows; data not 

shown).  The colonization pattern for day 15 cells was similar to that for day 10 cells, 

with consistent mycoplasma colocalization with actin staining at cellular junctions (data 

not shown).  Thus for day 2, 10, and 15 airway cells the data suggested a relationship 

between reduction in attachment levels and emergence of a localization pattern. 

Consistent with this observation, anti-mucin labeling of day 10 cells, which accounted for 

over 90% of the apical surface, revealed distinct patterns for MUC1 and MUC 4 (Figs. 9 

& 10). MUC1 labeling demonstrated no clear discernable patterns with regard to 

mycoplasma localization, which was generally diffuse with some areas suggestive of an 

association with MUC1-negative cells (Fig. 9, panels A & B) while there was also 

evidence of colocalization with MUC1-positive cells (Fig. 9, panel C). A stronger 

colocalization pattern was observed with respect to MUC4-positive cells, with 

mycoplasma localization between MUC4-positive cells (Fig. 10), suggestive of a barrier 

(Fig.10). A closer look at the mycoplasma interactions with MUC4-positive cells 

suggested a packing of mycoplasmas localized to the non-labeling region (Fig. 11). The 

luminal and cross-sectional views in Fig. 11 are designed to give a complete picture of 

the region of interest. The guide bar (gold) within the luminal view indicates the region 

observed in the cross-sectional view; both images should be considered together.  The 

luminal views in Fig. 11 illustrate accumulations of mycoplasmas that begin in non-

labeling regions. In all cases, mycoplasma density was greater at the non-labelling cell 

periphery. This was observed even in apparent cases of mycoplasmas covering particular 

epithelial cells (Fig. 11, panel B compare views). Comparison of the luminal view and 
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cross-sectional views suggest a relationship between the cobblestone-like morphology of 

organized epithelium and the fluorescence intensity associated with MUC4-positive cells 

(Fig.11, panel A). The MUC4 labeling in the cross-sectional view of panel A was of low 

fluorescence intensity and localized to a narrow region of the epithelium (arrows). In 

contrast, comparison of the luminal and cross-sectional views of panel B suggest a 

relationship between the larger, squamous-like epithelium and the high fluorescence and 

wider band of MUC4 labeling (arrows).       

Chronic Exposure Study  

 A major hurdle from the previous experiments was time. On average it took > 40 

days in culture to achieve terminal NHBE cell differentiation to, reproducibly, >70 % 

ciliated cell population representative of the conducting airway (182). In order to 

characterize the long-term interactions between M. pneumoniae and NHBE cells a growth 

medium was used that allowed the cells to terminally differentiate within 30 days in 

culture. TEER measurements (1413 ± 232 Ω-cm
2
) appeared indistinguishable from the 

previous culture system for day 43 cells (Fig. 2). For the uninfected samples, ciliated cell 

density appeared to increase over the course of the experiment (Figs.12 &13, compare 

top and bottom panels), but there were no other detectable differences (Fig. 13, compare 

A & B). All experiments were started at day 15 air-liquid interface. The uninfected 

controls were treated with Hank’s balanced salt solution (HBSS) for 4 h in parallel with 

the infected samples. For the controls, 4 h and 28 days refer to post-HBSS treatment and 

are synonymous with days of culture. As a result, the total time in air-liquid interface 

culture is 43 days.  
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  Confocal microscopy was used extensively in this section to indicate localized 

expression changes via fluorescence. In practice, baseline fluorescence was established 

using uninfected controls at 4 h to assess all samples (infected and uninfected). This is 

why more cilia appeared brighter at 28 days versus 4 h (Fig. 12, compare top and 

bottom).  This was a useful tool because, as described later, M. pneumoniae-epithelial 

interactions appeared to alter the structural nature of the epithelium which was observed 

as difference in fluorescence intensity and localization. Unless otherwise stated, the 28 

days uninfected control will be used for comparison to infected samples.  

Loss of barrier function and airway reorganization. NHBE cell barrier 

function changed over time in relation to inoculum (Fig. 14). For the high-dose M. 

pneumoniae-infected  samples, TEER increased to 139% and 126% at 7 and 14 days 

postinfection, respectively. Comparatively, for the low-dose M. pneumoniae-infected 

samples, TEER was 103% and 116 % for the same time points (Fig. 14). The elevated 

electrical resistance for  both samples was unexpected, while the reduction at 28 days 

postinfection was significantly less than control (P<0.01). The TEER measurements 

paralleled differences in inoculum size between samples, indicating the measurements 

were the result of the infection and not variation within the NHBE cell model. Note that 

despite the decrease in TEER there was no evidence of basal compartment-airway media 

(see Fig. 1) on the luminal surface at any point during the course of the experiments. 

Three timepoints were examined for immunohistochemistry based on the TEER results 

and were used for further analysis (4 h, 7 and 28 days postinfection).   

Confocal microscopy of M. pneumoniae-infected samples indicated structural 

changes in cilia and actin based on fluorescence (Fig. 15). Low-dose M. pneumoniae 
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infection appeared to result in poor cilia detection as indicated by reduced fluorescence 

from 4 h to 28 days postinfection (Fig. 15, top panels). By 28 days postinfection, actin 

labeling also exhibited reduced fluorescence intensity as well as wave-like architecture 

(Fig. 15, overhead view). Interestingly, the detected cilia were observed lining the 

invaginations of the wave-like monolayer (Fig. 15, compare top panels). High-dose M. 

pneumoniae infection yielded drastic structural changes in cilia and actin (Fig. 15, bottom 

panels). Cilia were detectable at 4 h postinfection but appeared to increase in 

fluorescence intensity and lose some detail in specific areas of the monolayer by 7 days 

postinfection (Fig. 15, compare bottom panels). The high-dose infected samples, 

characteristically, presented with patches of intense cilia labeling and actin reorganization 

at 7 and 28 days postinfection (Fig. 15, bottom). At 28 days postinfection, M. 

pneumoniae bacteria were observed in heavily infected regions, where they appeared to 

surround the involved epithelium. These heavily infected regions were closely associated 

with the reorganizing cilia and actin.  

 The low-dose M. pneumoniae samples at 4 h postinfection appeared similar to the 

control (Fig. 16). Cilia and actin exhibited a distinct polar nature and were readily 

detectable (Fig. 16, box 3 and 5, respectively).  Rare evidence of mycoplasma invasion 

was observed (Fig. 16, panels A & C, box 4). By 7 days postinfection, detection of cilia 

was inconsistent, showing evidence of variable fluorescence intensity (Fig. 17, compare 

A to B & C). Actin labeling revealed a wave-like pattern, which was difficult to 

distinguish from the control (Fig. 17, compare box 5). Evidence of mycoplasma invasion 

was observed more often than at 4 h (Fig. 17, box 4). At 28 days postinfection, cilia 

detection was low to poor (Fig. 18, box 2). Actin appeared to be more wave-like with 
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monolayer invaginations 10-20 μm deep (Fig. 18, box 5). This was consistent with the 

reduced TEER (Fig. 14). Mycoplasmas were detected primarily on the luminal surface, 

which was unexpected (Fig. 18, box 4). 

The high-dose M. pneumoniae samples exhibited evidence of invasion at 4 h 

postinfection (Fig. 19). Variable cilia distribution also was observed with areas of intense 

fluorescence that appeared to surround the involved epithelium (Fig. 19, panel C).  

Mycoplasma aggregates were observed colocalizing with regions of irregular actin and 

cilia labeling (Fig. 19, boxes 3 & 5). In all cases, the actin in M. pneumoniae-infected 

epithelium appeared to lose its polarity localized to the involved region. At 7 days 

postinfection, M. pneumoniae bacteria were observed on the luminal surface (Fig. 20), 

which consistently appeared wave-like with deep, shallow and wide invaginations (Fig. 

20, box 5).  M. pneumoniae bacteria were observed at the bottom of these invaginations 

(Fig. 20, panel B), at the peaks associated with cilia (Fig. 20, panel A) or at the peaks 

associated with regions with poor cilia labeling (Fig. 20, panels B & C). Intense areas of 

cilia labeling were observed in specific regions that extended ~10 μm into the monolayer 

(Fig. 20, panels B&C). It is unclear why the TEER appeared higher than control for the 7 

day infection, but the main observable NHBE cell difference between M. pneumoniae 

doses was the intense cilia fluorescence and the associated wave pattern of the actin. It is 

likely that, for the low-dose M. pneumoniae samples, the change in barrier function was 

more subtle and not sensitive to TEER measurements. At 28 days postinfection, M. 

pneumoniae bacteria were observed invading and surrounding the epithelium to a high 

degree (Fig. 21). Cilia fluorescence intensity appeared greatest when colocalized with 

epithelium heavily infected with M. pneumoniae. The invaded epithelium extended to 
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variable depths within the monolayer and may be responsible for the observed wave 

pattern (Fig. 21, box 5). Additionally, the actin network appeared to loop-out the 

mycoplasma infected regions, as suggested by the lack of actin labeling above the 

invaginations (Fig. 21, box 5).        

Desquamation of the epithelium and actin reorganization. The wave pattern 

associated with the luminal surface actin (Figs. 17 - 21) suggested that some M. 

pneumoniae bacteria may be lost to desquamation of the epithelium. This might account 

for the elevated TEER at 7 days postinfection for the high-dose M. pneumoniae samples 

(Fig. 14) since a heavily infected monolayer may be loaded with enough mycoplasmas 

within the basolateral surface to affect the TEER. It is likely that the mycoplasma 

infected epithelium became uncoupled from the monolayer and was removed via the 

HBSS wash.  This observation is consistent with the looping-out of certain sections of the 

epithelium (Fig. 21). The apical washings were examined for evidence of mycoplasma 

and observed morphology consistent with mycoplasma on epithelial cells (Fig. 22). M. 

pneumoniae bacteria were observed prominently at the cell periphery, with few areas of 

consolidation, very similar to Figs. 8 & 11. These mycoplasmas were viable, and were 

cultivatable within 4 days or less, suggesting a high infection burden (data not shown). 

Note that the fluorescence of the eukaryotic nuclei was different in intensity and 

morphology (Fig. 22, yellow arrowhead). Groups of M. pneumoniae-infected 

desquamated cells appeared individually or in sheets consisting of as many as 50 cells.        

Actin localization within uninfected epithelium had a distinct polarity associated 

with luminal ciliated cells (Figs. 12 - 13). Depth coding of the actin network in 

uninfected samples demonstrated actin labeling associated with the luminal surface (Fig. 
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23). Low- and high-dose M. pneumoniae samples exhibited actin reorganization 

consistent with a loss in luminal polarity (Figs. 24 & 25). Actin reorganization extended 

40 to 60 μm into the basolateral surface (compare Figs. 23 - 25).  Note that there 

appeared to be no limitation in depth into the monolayer the infection extended (20 - 40 

μm).  In fact, it appeared that M. pneumoniae invasion depth and epithelial desquamation 

were directly related (Figs. 15, bottom panel, 24 & 25). Low-dose M. pneumoniae 

samples appeared to cover a more diffuse region that did not extend as deep into the 

monolayer (Figs. 18 & 24), which may explain the indistinguishable TEER at 7 days 

postinfection (Fig. 14). In contrast, the high-dose M. pneumoniae samples appeared to 

concentrate in regions of variable size and extend deeper into the monolayer (Figs. 15, 21 

& 25).   

Macroscopic impact of mycoplasma infection. The macroscopic impact of 

mycoplasma infection on the NHBE cell system was readily observable under low-power 

microscopy, with or without immunohistochemistry (Fig. 26 and data not shown).  The 

luminal view of Fig. 26 shows the most commonly observed manifestation of M. 

pneumoniae chronic infection (Fig, 26, compare top and bottom).  It is noteworthy that 

the NHBE cell monolayer invaginations are lined with ciliated cells extending >40 μm in 

length on the luminal surface (Fig. 26, arrows) and depth consistent with the actin 

reorganization (Fig. 25). The variable intensity of the cilia associated with the monolayer 

invaginations are likely an indication of return of ciliation within these specific regions, 

whereby high fluorescence would be an indicator of ciliated cell abundance (Fig. 26, 

arrowheads).  The wave pattern in Fig. 26 was observed as early as 7 days postinfection 

(data not shown) and prominent to some degree  in all mycoplasma-infected samples by 
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28 days postinfection, independent of inoculum size and wild-type M. pneumoniae strain 

(data not shown)   Evidence of vacuolation was not observed.  

E-cadherin localization in M. pneumoniae infected NHBE cells. M. 

pneumoniae localization to the cell junctions was consistently observed throughout the 

course of this study. Epithelial tight and adherens junctions characteristically localize to 

the luminal and basolateral surfaces, respectively, and made convenient markers (see 

previous section). Elucidating the possible mechanism of mycoplasma invasion is beyond 

the scope of this dissertation. The combination of mycoplasma localization and the 

potential for a possible mechanism of invasion was expected to be assayable via TEER 

(Fig. 14) and expression of cell junctional components (via fluorescence) of the NHBE 

cell barrier.      

 ZO-1 labeling and localization was inconsistent and difficult to interpret for both 

infected and uninfected samples (data not shown). There was evidence of variable 

expression, such that ZO-1 was more detectable within mycoplasma infected regions of 

interest while being barely detectable in the uninfected controls (data not shown).  Due to 

the limited number of samples available for experimentation E-cadherin was used for this 

experiment. E-cadherin was consistently detectable, localized primarily to the upper 10 

μm of the monolayer (Fig. 27). The baseline fluorescence was set based on the uninfected 

4 h control (Fig. 27, top) and was observed to be consistent at 28 days (Fig. 27, bottom). 

The uninfected controls demonstrated near uniform E-cadherin detection with little 

variation in fluorescence intensity (Fig 27, compare overhead and cross-sectional views). 

Note that this is in contrast to the increase in fluorescence associated with cilia over the 

same period (Figs. 12 & 13). 
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At 28 days postinfection E-cadherin labeling was highly variable in fluorescence 

and localization (Fig. 28). The presence of luminal M. pneumoniae bacteria appeared to 

correlate with high E-cadherin fluorescence (Fig.28, yellow arrowheads). In contrast, 

regions heavily infected with M. pneumoniae demonstrated low to barely detectable E-

cadherin (Fig 28, white arrowheads). The overhead views in Fig. 28 point to the overall 

differences in inoculum size with regard to infection. The high-dose M. pneumoniae 

regions appeared to have deeper wave-like monolayer invaginations, which made the 

regions of interest appear more like islands with intense E-cadherin detection (Fig 28, 

bottom panels). In contrast, the low-dose M. pneumoniae sample demonstrated isolated 

regions of intense E-cadherin detection adjacent to regions of low or non-detectable E-

cadherin (Fig 28, top panel). The localized E-cadherin labeling pattern and the correlation 

with M. pneumoniae localization and desquamation suggested that the impact of the 

infectious process is localized and not global.        

Closer examination of the low-dose M. pneumoniae-infected samples further 

demonstrated a distinct relationship between luminal mycoplasma localization and E-

cadherin labeling (Fig. 29). M. pneumoniae bacteria appeared localized to the luminal 

surface (Fig 29, box 4). What is striking is that in panel A, fewer M. pneumoniae bacteria 

were observed in conjunction with diffuse E-cadherin detection (Fig 29, box 3). In 

contrast, panels B & C demonstrated highly fluorescent E-cadherin labeling with 

evidence of increased luminal M. pneumoniae (Fig 29, box 4). This pattern was 

maintained for the high-dose M. pneumoniae samples, which exhibited a higher infection 

burden (Fig. 30, box 4) and increased monolayer invaginations, as suggested by the actin 

labeling (Fig. 30, box 5).  Fig. 30 panel C, demonstrates abnormal E-cadherin detection 
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that extended > 10 μm into the monolayer. These observations are consistent with 

reorganizing cilia and actin and as wells as the observed differences in barrier function 

(TEER).  

M. pneumoniae isolation. Isolation of M. pneumoniae bacteria from the transwell 

and basal media compartments was examined in order to determine viability. This is an 

important distinction because viable, metabolically, active mycoplasmas are necessary 

for dissemination. Growth was assessed using serially diluted samples from three regions: 

the luminal supernatant, transwell and basal compartments. The luminal supernatant was 

expected to represent mycoplasmas associated with desquamated epithelium. An early 

attempt to conduct serial dilutions from the supernatant was challenging due to the 

associated gel-layer mucus (data not shown). As an alternative, samples were monitored 

over 10 days in the presence of SP-4 medium for color change (pH), which was observed 

in as little as 4 days (data not shown). Rarely, were samples negative from the 

supernatant. 

Isolation of mycoplasmas directly from the transwell was expected to represent 

viability of attached and basolaterally localized bacteria. This was a necessary 

oversimplification. As part of the experimental design trypsin was added to the NHBE 

cell luminal surface in order to remove the NHBE cells from the transwell so that the 

inoculum could be homogenized and serially diluted. The effect of the trypsin treatment 

on M. pneumoniae was assessed and lysis was observed after 5 min of treatment (data not 

shown).  A 15 min trypsin treatment offered the best NHBE cell removal and likely 

reduced the cultivable M. pneumoniae bacteria reported in Fig. 31 (transwell). The 

transwell measurements from Fig. 31 represent isolation mycoplasmas from the trypsin 
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treated epithelium.  Despite the trypsin treatment, isolation of M. pneumoniae bacteria 

from the transwell increased over time.  It is noteworthy that the infection inoculum 

needed to be increased for the chronic exposure studies. Preliminary experiments at lower 

inoculum sizes resulted in no recovery of mycoplasmas from the transwell until 7 days 

postinfection (data not shown). This also made interpretation of TEER measurements as 

well as IHC studies challenging. For example, the preliminary TEER and airway cell 

architecture data were difficult to distinguish from the uninfected controls (data not 

shown).  This did not indicate that the M. pneumoniae infection had no impact, but rather 

that the impact was beyond the resolution of the tools employed. There were two choices: 

increase the inoculum size or add longer time points.           

M. pneumoniae cells that bypass the mucociliary defense were expected to be 

isolated from the basal media compartment (Fig. 31). Three of eight basal compartments 

were quantitatively assayed for growth while the other 5 were observed over 10 days for 

indications of color change (pH) and viewed microscopically for M. pneumoniae bacteria 

(Fig. 31 and data not shown). The basal compartments changed color in as little as 6 

days. True negative samples were observed in the uninfected control at 4 h and 28 days 

of culture, which was expected. In all iterations of these experiments, M. pneumoniae 

bacterial recovery from the transwell preceded recovery from the basal compartment 

(Fig. 31).  However, recovery of M. pneumoniae bacteria from the transwell did not 

always result in recovery of mycoplasmas from the basal media compartment, but this 

was primarily observed at the lower inoculum sizes and early timepoints 4 h and 2 days 

postinfection (data not shown).   
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Fig. 2. NHBE cell development. (Top) Representative images of actin labeling as 

described, illustrating an epithelium in the process of organizing into a pseudostratified 

monolayer at the indicated time points in ALI culture. Bar, 15 µm. (Bottom) Features of 

differentiating NHBE cells. N = 12 for TEER and n = 20 for cell diameters, with standard 

deviations indicated; -, absent; + to +++, rare to prominent; NT, Not tested. 
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Fig. 3. Colonization of NHBE cells at the indicated stages in development by wild-

type (Top) and mutant M. pneumoniae strains (Bottom). For wild-type attachment 

(Top), comparisons were made to day 2 airway cells. For mutant M. pneumoniae strains 

(Bottom) comparisons were made relative to WT for that timepoint. NHBE cells were 

infected with radiolabeled mycoplasmas on the luminal surface and incubated 240 min as 

described. Each bar represents the mean and 95% confidence interval for 8 data points 

from 3 independent experiments. *, P = <0.05; #, P<0.10; NS, not significant. 
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Fig. 4. Wild-type M. pneumoniae M129 colocalized with cilia on the apical surface of 

day 43 NHBE cells after 30 min. (A) Blue, DAPI; green, cilia; red, mycoplasmas; 

purple, mycoplasmas costaining with DAPI. Bars = 10 μm. The DAPI staining 

corresponds to mycoplasmas on the NHBE cell surface. (B) Day 43 NHBE cells at 2, 30, 

or 240 min postinfection with the indicated M. pneumoniae strains. Random fields with 

high ciliated-cell density were selected. Green, cilia; red, mycoplasmas; yellow, 

mycoplasmas colocalized with ciliated cells. Bars = 20 μm. (C) Quantification of wild-

type and mutant mycoplasma colonization in arbitrary fluorescence units at the indicated 

time points for 6,700 to 9,200 NHBE cells per strain per time point, presented with 95% 

confidence intervals. For each time point, a background control was subtracted, and 

comparisons were made to II-3 (negative control). *, P < 0.05; #, P<0.10; NS, not 

significant relative to the negative control. 
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Fig. 5.  (A) Luminal view of mycoplasma localization and spreading patterns on day 

43 NHBE cells as three-dimensional (3D) projections of regions from Fig. 4 at the 

indicated times postinfection. Likely mycoplasma spreading (yellow arrows) was 

observed for the wild type but was more limited for the P200 mutant, which correlates 

with localization to ciliated cells (white arrows). Bar = 10 μm. Purple, mycoplasmas; 

green, cilia; blue, DAPI. (B) Cross-sectional view of mycoplasmas interacting with 

ciliated (white circles) and nonciliated (yellow circle) cells. Bars = 10 μm. Red, 

mycoplasmas; green, cilia; yellow, mycoplasmas colocalized with cilia; purple, actin; 

pink, mycoplasmas colocalized with actin; blue, DAPI. 
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Fig. 6. Quantification of mycoplasma fluorescence associated with ciliated cell 

density for the data set in Fig. 4C.  6,700 to 9,200 NHBE cells per strain per time point 

were analyzed. The data are reported as means, and the error bars reflect the standard 

deviations. II-3 was omitted, since it failed to colonize NHBE cells. 
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Fig. 7.  Mycoplasma localization to non-ciliated cells was not enhanced upon mucus 

removal. NHBE cells were pretreated with HBSS or 10mM DTT for 5-min followed by 

10 additional HBSS washes and then immediately infected with wild-type M. 

pneumoniae M129 for 240 min. The control sample had mucus accumulation followed by 

infection with mycoplasma for 240 min. The control (A), HBSS (B) and DTT (C) 

samples in all panels shown demonstrated mycoplasma localization to cilia but only 

minimal enhancement of localization to non-ciliated cells (yellow arrowheads). Panels 

show cilia, mycoplasma and actin, respectively. Bars = 20 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 

 

 

 

 

 

 

 



61 

 

Fig. 8.  Luminal view of wild-type M. pneumoniae-infected day 2 (Top) and day 10 

(Bottom) NHBE cells at 240 min postinfection. Representative images show Cy3-

labeled wild-type mycoplasmas (red) illustrating near-confluent (day 2) and less dense 

and more diffuse (day 10) localization patterns. The uninfected control images show 

nuclear DAPI (blue) and Cy3 background staining (red). The arrows indicate 

mycoplasma localization to cell perimeters. Bars = 20 μm. 
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Fig. 9.  MUC1 labeling in relation to mycoplasma localization on day 10 cells 

demonstrated no clear relationship. Shown are 3 separate regions of interest where the 

absence or presence of MUC1 positive cells showed no distinct localization pattern in 

relation to mycoplasma (A-C). Merged: DAPI, blue; MUC1, green; mycoplasma, red. 

Bar = 20 μm.   
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Fig. 10. MUC4 labeling in relation to mycoplasma localization on day 10 cells 

demonstrated a localization pattern consistent with the observed reduction in 

attachment in Fig. 3. Shown are 3 separate regions of interest where mycoplasma 

localization correlates with the absence of MUC4 (A-C) Note that aggregates of 

mycoplasma are more prominent between MUC4 labelled cells (compare to Fig. 9). 

Merged: DAPI, blue; MUC1, green; mycoplasma, red. Bar = 20 μm.   
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Fig. 11. MUC4 polarity appeared to be inversely related with fluorescence intensity 

and mycoplasma colonization. Shown are luminal and cross-sectional views of MUC4 

labeled day 10 cells from Fig. 10 demonstrating a relationship between fluorescence 

intensity of MUC4 labeling and polarity (arrows). (A) MUC4 labeling appears to be 

defined to a narrow region on the apical surface with reduced fluorescence intensity. (B) 

MUC4 fluorescence was elevated and more diffuse.  Note that the epithelium in the top 

panel appears more uniform (cobblestone-like) in contrast to the bottom panel 

(squamous-like).  DAPI, blue; MUC4, green; mycoplasma, red; guide bar, gold. Bars = 

10 μm.   
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Fig. 12. Uninfected NHBE cells. Uninfected controls at 4 h (Top) and 28 days (Bottom) 

of culture showing the typical pseudostratified layer of conducting airway cells. Both 

overhead and cross-sectional views (guide bar) of the region of interest are shown. Over 

time, the amount of cilia increased as indicated by the fluorescence intensity (Top vs 

Bottom panels).  Cilia, green; actin, purple; DAPI, blue; background, red. Bar = 20 μm. 
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Fig. 13. Cross-sectional views of uninfected NHBE cells. Uninfected controls at 4 h (A) 

and 28 days (B) of culture showing the typical pseudostratified layer of conducting 

airway cells.  Note that over time the amount of cilia increases, which also increases the 

fluorescence intensity. Merged (cilia, green; actin, purple; DAPI, blue; background, red) 

(1); DAPI (2); cilia (3); background (4); and actin (5) Bar = 40 μm. 
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Fig. 14. Barrier function over 28 days postinfection. TEER measurements of 

mycoplasma infected NHBE cells (LOW, 10
6
 CCU; HIGH, 10

9
CCU) over time are 

shown as percent of uninfected control. Each bar represents the mean and 95% 

confidence interval for 8 data points . *, P <0.01; N, not significant. Color change units 

(CCU/100 μl). 
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Fig. 15. M. pneumoniae induced changes in cilia.  Mycoplasma (LOW=10
6
CCU, Top; 

HIGH=10
9
CCU, Bottom) infected NHBE at 4 hours, 7 and 28 days postinfection. (Top) 

Low-dose mycoplasma infection resulted in poor cilia detection and a wave-like pattern 

in the actin network by 28 days postinfection. (Bottom) High-dose mycoplasma infection 

resulted loss of cilia detection by 7 days postinfection and evidence of cilia 

reorganization involving large regions of interest by 28 days postinfection (bright green).  

Both overhead and cross-sectional views of the region of interest are shown (guide bar). 

Controls over the same period appeared normal (Fig. 12). Cilia, green; actin, purple; 

DAPI, blue; mycoplasma, red. Color change units (CCU/100 μl). Bar = 20 μm. 
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Fig. 16. Low-dose M. pneumoniae infected-NHBE cells at 4 h postinfection.  

Mycoplasma dose 10
6
 CCU. (A-C) Cross-sections of merged (cilia, green; actin, purple; 

DAPI, blue; mycoplasma, red) (1), DAPI (2), cilia (3), mycoplasma (4) and actin (5) 

appeared indistinguishable from control (D). Color change units (CCU/100 μl).  Bar = 40 

μm. 
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Fig. 17.  Low-dose M. pneumoniae infected NHBE cells at 7 days postinfection.  

Mycoplasma dose 10
6 

CCU. (A-C) Cross-sections of merged (cilia, green; actin, purple; 

DAPI, blue; mycoplasma, red )(1), DAPI (2), cilia (3), mycoplasma (4) and actin (5) 

demonstrated evidence of mycoplasma localized in the basolateral compartment (panel 

4). Poor cilia detection (panel 3) was also observed. Control (D). Color change units 

(CCU/100 μl). Bar = 40 μm. 
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Fig. 18. Low-dose M. pneumoniae-infected NHBE cells at 28 days postinfection.  

Mycoplasma dose10
6 

CCU (A-C) Cross-sections of merged (cilia, green; actin, purple; 

DAPI, blue; mycoplasma, red ) (1), DAPI (2), cilia (3), mycoplasma (4) and actin (5) 

demonstrated poor cilia detection (panel 3) and prominent actin abnormality (panel 5) 

when compared to control (D). Color change units (CCU/100 μl). Bar = 40 μm. 
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Fig. 19. High-dose M. pneumoniae-infected NHBE cells at 4 h postinfection.  

Mycoplasma dose 10
9 

CCU. (A-C) Cross-sections of merged (cilia, green; actin, purple; 

DAPI, blue; mycoplasma, red ) (1), DAPI (2), cilia (3), mycoplasma (4) and actin (5) 

demonstrated early evidence of mycoplasma invasion (panel 4) and cilia abnormality 

compared to control (panel 3). Control (D). Color change units (CCU/100 μl). Bar = 40 

μm. 

 

 

 

 

 

 

 

 

 



84 

 

 



85 

 

Fig. 20. High-dose M. pneumoniae-infected NHBE cells at 7 days postinfection.  

Mycoplasma dose10
9 

(CCU). (A-C) Cross-sections of merged (cilia, green; actin, purple; 

DAPI, blue; mycoplasma, red )  (1), DAPI (2), cilia (3), mycoplasma (4) and actin (5) 

demonstrated evidence of epithelium loss (panel 1) and cilia reorganization (panel 3). 

Control (D). Color change units (CCU/100 μl). Bar = 40 μm. 
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Fig. 21. High-dose M. pneumoniae-infected NHBE cells at 28 days postinfection.  

Mycoplasma dose10
9 

CCU. (A-C) Cross-sections of merged (cilia, green; actin, purple; 

DAPI, blue; mycoplasma, red )  (1), DAPI (2), cilia (3), mycoplasma (4) and actin (5) 

demonstrated evidence of invasion and desquamation (panel 1) with cilia reorganization 

(panel 3) and actin rearrangement (panel 5). Control (D). Color change units (CCU/100 

μl). Bar= 40 μm. 
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Fig. 22. M. pneumoniae attached to desquamated cells. Desquamated epithelium from 

a parallel experiment exhibited mycoplasma localization at the cell periphery and in large 

aggregates (white arrowheads). The panel on the left shows approximately 10 infected 

epithelial cells, while the panel on the right is part of an epithelial sheet of > 20 cells. 

NucBlue nuclear labeled cells are artificially colored such that: green= mycoplasma, 

blue=background of epithelium, yellow= high concentration of DNA. Note the intensity 

and morphology of the NHBE nuclei (yellow arrowhead) is different from that of the 

mycoplasma (white arrowhead). Bar= 15 μm. 
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Fig. 23. Depth coding of actin in uninfected NHBE cells. Depth coding indicated that 

actin labeling within uninfected controls was mainly localized to the luminal region 

(magenta to red). The region of interest is a total of 60 μm in depth.   
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Fig. 24. Depth coding of actin reorganization of mycoplasma-infected NHBE cells 

(low-dose). Infected NHBE cells exhibited extensive reorganization extending 15-25 μm 

into the monolayer (green to blue). The region of interest is a total of 60 μm in depth.   
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Fig. 25. Depth coding of actin reorganization of mycoplasma-infected NHBE cells 

(high-dose). Infected NHBE cells exhibited extensive actin reorganization extending the 

entire 60 μm depth (magenta to blue), suggesting access to basal compartment and 

thickening of the monolayer (more defined yellow-blue regions). The region of interest is 

a total of 60 μm in depth.   
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Fig. 26. Macroscopic impact of M. pneumoniae infection. Images are representative of 

the typical uninfected NHBE cell epithelium at 28 days of culture (Top), which 

contrasted sharply with the typical mycoplasma infected NHBE cells 28 days 

postinfection (Bottom). Arrowheads correspond to cilia within the regions of monolayer 

invaginations described within the text. Regions of interest contain ~9000 apically 

exposed epithelial cells in each panel. Samples were labeled for cilia. Bar= 65 μm. 
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Fig. 27.  E-cadherin localization in uninfected NHBE cells. Uninfected controls at 4 h 

(Top) and 28 days (Bottom) of culture showing the typical localization of E-cadherin 

(yellow arrowheads) within the pseudostratified layer. The intensity was essentially 

uniform in all instances for all controls, showing little variability. Both overhead and 

cross-sectional views (guide bar) of the region of interest are shown. E-cadherin, green; 

actin, purple; DAPI, blue; background, red. Bar = 20 μm. 
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Fig. 28. E-cadherin localization in M. pneumoniae-infected NHBE cells. Mycoplasma 

(LOW=10
6 

CCU, Top and HIGH=10
9 

CCU, Bottom) infected NHBE cells at 28 days 

postinfection. Images show distinct detection patterns of E-cadherin associated with 

luminal mycoplasmas (yellow arrowheads) and invading mycoplasmas (white 

arrowheads). Both overhead and cross-sectional views (guide bar) of the region of 

interest are shown. Color change units (CCU/ 100 μl); E-cadherin, green; actin, purple; 

DAPI, blue; mycoplasma, red. Bar = 20 μm. 
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Fig. 29. E-cadherin localization in low-dose M. pneumoniae infected NHBE cells at 

28 days postinfection. Invading mycoplasmas were associated with low E-cadherin 

labeling (A) while high intensity labeling (B & C, yellow arrowheads) was associated 

with luminal mycoplasmas, suggesting that the infection was highly localized. Note that 

the adjacent regions in B and C have non-detectable E-cadherin. Cross-sections of 

merged (E-cadherin, green; actin, purple; DAPI, blue; mycoplasma, red) (1), DAPI (2), 

E-cadherin (3), mycoplasma (4) and actin (5). Control (D). Bar = 40 μm. 
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Fig. 30. E-cadherin localization in high-dose M. pneumoniae infected NHBE cells at 

28 days postinfection. Panels show poor E-cadherin detection associated with heavily 

infected NHBE cells (white arrowheads), which are also associated with reorganizing 

actin (panel 5). Note that in panel C E-cadherin detection occupies more of the field of 

view when compared to control (panel 3). Cross-sections of merged (E-cadherin, green; 

actin, purple; DAPI, blue; mycoplasma, red) (1), DAPI (2), E-cadherin (3), mycoplasma 

(4) and actin (5). Control (D) Scale bar = 40 μm. 
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Fig. 31.  M. pneumoniae isolation. Infected NHBE cell transwells and respective basal 

compartments were harvested to assay for mycoplasma recoverability during the 

infection.  Starting infection inocula were: LOW=10
6
 or HIGH=10

9
 CCU in 100 μl and 

the results were compared accordingly. Color change units (CCU/ml) are reported as 

means and the 95% confidence interval. Uninfected controls had no growth. 
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CHAPTER 5 

DISCUSSION 

The In Vitro M. pneumoniae-NHBE Cell Model 

The culmination of this dissertation is a model that describes the course of M. 

pneumoniae infection of the human conducting airway (Fig. 32). The central theme of 

this dissertation was that mycoplasma gliding motility was driving localization and 

spread.  Gliding motility may not be the sole factor contributing to the M. pneumoniae-

NHBE cell model, however it is the primary virulence factor with sufficient support from 

the literature, which spans decades of research (30, 54, 95, 98, 108, 183-185). With this 

in mind the model will be summarized. 

During the localization phase (Fig. 32), successful gel-layer mucus penetration 

placed M. pneumoniae bacteria at the tips of the cilia whereby gliding became essential 

for increasing the likelihood of contact. M. pneumoniae bacteria traversed or were 

funneled the length of the cilia shaft and rapidly localized to the base of the cilia. M. 

pneumoniae bacteria have been observed localized at varying depths along the cilia shaft 

(Fig. 5, panel B). However, the nature of this interaction may be short lived and rapid 

since the most common manifestation of mycoplasma localization was to the base of the 

cilia (Fig. 5, panel A). Drawing from work on the periciliary layer (145, 170), the 

negative charge repulsion associated with the mucin domain oligosaccharides may create 

channels between beating cilium (whose mechanics may also contribute (158)) that 

facilitate rapid mycoplasma localization towards the base. What is compelling is that 
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having no cell wall may give mycoplasmas flexibility in penetrating the size-restricting 

periciliary layer (145). Consistent with this, M. pneumoniae bacterial accumulations 

localized between epithelial cells, suggesting lateral mycoplasma movement was partially 

dictated by the components of the periciliary layer (Figs. 5, 7, 8 & 11).     

During the invasion and desquamation phase (Fig. 32), M. pneumoniae bacteria 

colocalized with the epithelial cell junctions (Figs. 8 & 11). Individual mycoplasmas 

penetrated the paracellular and basolateral surfaces, where they began to accumulate.  

Where the mycoplasmas took up residence within the basolateral surface appeared to be 

random. However, localization may be associated with specific binding partners 

restricted to this compartment. M. pneumoniae bacterial accumulation may be the result 

of direct movement to the basolateral surface or growth by the primary invaders. 

Bacterial accumulation within the basolateral surface initiated a series of events as 

follows: loss of cilia, desquamation, actin reorganization, thickening of the monolayer 

and return of cilia to dislodge the infected desquamating epithelium (Figs. 15-26, 

collectively). The desquamating epithelium was characteristically heavily infected with 

M. pneumoniae bacteria (Figs. 15, 21 &22), which were determined to be metabolically 

active and viable (data not shown). Loss of the mycoplasma-infected epithelium resulted 

in invaginations of the epithelial monolayer that likely contributed to reduced barrier 

function and mycoplasma recovery from the basal media compartment (Figs. 14, 26 & 

31). It was noteworthy that while the mycoplasmas had free access to the basal media 

compartment, as a result of the infectious process, there was no observed flow of airway 

media from the basal compartment to the luminal surface (no phenol red on top). In 

addition, the infectious process appeared to be highly localized, such that uninfected 
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regions of interest, adjacent to visibly infected areas, appeared indistinguishable 

(morphologically) from uninfected controls (data not shown). Taken together, this 

suggested that M. pneumoniae bacterial invasion was a coordinated event and not simply 

a matter of NHBE cell necrosis or toxin mediated damage, which has been reported in 

submersion culture (43). The desquamation event was significant because, prior to this, 

the infected epithelium appeared to lose its cilia and become more squamous-like (Figs. 

15 & 22), which resulted in a familiar colonization pattern observed in the acute exposure 

study (compare Figs. 8 & 22). These morphological changes to the epithelium were 

consistent with the observations from the acute exposure study (Fig. 2) as result of the 

development of the airway barrier (prior to infection).         

During the invasion and reorganization phase (Fig. 32) ciliated cells appeared 

abnormal as a result of beta-tubulin reorganization (Fig. 15) and localized within the 

invaginations of the reorganizing epithelium (Fig. 26). It is likely that ciliated cells within 

the invaginations do not contribute to the overall mucociliary clearance. However, they 

may be involved in localized dislodging of the heavily infected mycoplasmas from the 

monolayer (Figs.19 - 22). Dislodging of the mycoplasma-desquamated epithelium 

appeared to reinfect the tips of adjacent ciliated cells, thus reinitiating the infection. In 

this case mycoplasma initiated airway reorganization directly inhibited overall clearance 

by altering the airway architecture and creating a mechanism for reinfection mediated by 

desquamated epithelium. During this process M. pneumoniae bacteria accessed the 

basolateral surface directly or indirectly as a result of the continued epithelial 

reorganization. In either case, these observations  were supported by recovery of bacteria 
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from the basal media compartment (Fig. 31). The in vitro model of chronic exposure and 

reinfection likely reflect what may occur during a long-term in vivo infection in humans.   

Evidence of the complete reconstitution of airway barrier, postinfection (Fig. 32), 

remained elusive. The observed looping-out of infected epithelium and the resultant 

invaginations suggested a return to normal barrier function (Figs. 20 & 21). There was 

sufficient evidence to support that with extended incubation (months) mycoplasmas 

would be lost to desquamation of the epithelium and invasion of the basal compartment 

(Figs. 22 & 31). M. pneumoniae bacterial infection, in this system, reached peak 

colonization when the epithelium was invaded, which was followed by a drop in 

colonization during desquamation and epithelial reorganization. Washing the epithelium 

every other day (instead of every 3rd day) may limit the reinfection cycle initiated by 

desquamating epithelium, permitting recovery and repair of the NHBE cells. Isolation of 

mycoplasmas from the basal compartment is a significant observation and suggests an 

innate capability to bypass the mucociliary barrier independent of a complete immune 

system.  

In summary, the successful M. pneumoniae bacterial infection involved 

localization to cilia and direct invasion of the basolateral surface. Mycoplasmas present 

within the basolateral surface initiated loss of ciliation and desquamation of the 

epithelium, which stripped away the mucociliary barrier and interfered with clearance. 

The subsequent airway reorganization facilitated additional mycoplasma invasion of the 

basal media chamber (in vitro) and likely facilitates invasion of the basal lamina (in vivo). 

These events strongly suggest that M. pneumoniae bacteria are capable of bypassing the 

epithelial barrier of the conducting airway.  
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Comparison of the M. pneumoniae-NHBE Cell Model to Animal Models  

The M. pneumoniae-NHBE cell model, when compared to the Hardy mouse 

model (118) yields some insight into the pathway of chronic airway disease. The author’s 

report a reduced ability to detect mycoplasmas in lavage fluid via culture and PCR at 530 

days (118). The M. pneumoniae-NHBE cell model suggests that this may reflect a 

transition from surface exposed mycoplasmas to localization to the basolateral 

compartment. Sequestration in this compartment would limit the access of the lavage 

fluid.  As mycoplasmas localize within the basolateral compartment, detection via lavage 

fluid becomes less sensitive. In seven mice at 530 days postinfection, which had 

abnormal pathology, none had cultivatable mycoplasma (118). The M. pneumoniae-

NHBE cell model predicts that this stage reflects where mycoplasma-induced 

desquamation remodels the conducting airway (Fig. 32). The inability to detect 

mycoplasmas at this stage is not surprising because they were cleared previously (as 

demonstrated by successful early detection at early timepoints (118) and are likely 

sequestered from lavage detection. This is an oversimplified comparison between the two 

systems because the NHBE cell system lacks the complexity of an animal model and it is 

unclear how well mouse models reflect human infection. It is noteworthy that this 

dissertation is the only in vitro human model, to date, which demonstrates M. 

pneumoniae localization, invasion and airway reorganization in primary human cells 

cultured in air-liquid interface.         

The Significance of M. pneumoniae Airway Infection  

The vicious circle hypothesis suggests that insults to the mucociliary apparatus 

increases bacterial colonization, which then leads to direct airway damage via bacterial 
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byproducts or indirect cell injury via the inflammatory response (138, 186). The M. 

pneumoniae-NHBE cell model agrees with this hypothesis.  In fact, the mycoplasma-

associated desquamated epithelium was likely responsible for maintaining the infection 

for such an extended period.  As a result, the NHBE cells were constantly reinfected, 

which resulted in striking actin reorganization that not only altered the localization of 

cilia but appeared to thicken the airway (Figs. 24 - 26), all of which may not be that 

different mechanistically from in vivo chronic mycoplasmosis. Airway desquamation and 

reorganization and loss of mucociliary clearance due to infection potentially exposes the 

basal lamina (underlying tissues) to insults from other airway pathogens, reinfection from 

the same pathogen and to particulate matter (187, 188). These findings of desquamation, 

airway thickening and reorganization are consistent with chronic airway disease studies 

(189-192). M. pneumoniae infection is known to be associated with various 

extrapulmonary manifestations, which has been reviewed elsewhere (2, 193-196). The 

current in vitro NHBE cell model observation of mycoplasma invasion of the basal media 

compartment strongly supports in vivo invasion. In this context, the idea of a mild upper 

respiratory M. pneumoniae infection should be approached with caution since this in no 

way suggests that mycoplasmas are cleared from the host even when the airway appears 

normal (197).   

Future Work 

 Future emphasis should be placed on elucidation of the mechanism of M. 

pneumoniae airway invasion.  M. pneumoniae is known to produce both peroxide and a 

putative ADP-ribosylating toxin which may independently and/or collectively contribute 

to airway reorganization. Peroxide formation is known to alter tight junctions and 
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reorganize actin, which is similar to the known function of ADP-ribosylating toxins (198-

200).  It is also noteworthy that hydrogen peroxide may function as a signaling molecule 

and appears to be highly regulated in the airway (201, 202). The NHBE cell model offers 

the ideal backdrop for addressing the mechanism question because it is the only model 

that offers air-liquid interface that adequately parallels the human conducting airway.    
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Fig. 32. The M. pneumoniae-NHBE cell model. Dissertation derived model for 

mycoplasma infection of conducting airway cells. Immune and stromal cells are 

intentionally left out for clarity. Not drawn to scale.  
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