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 Chronic colonization of Pseudomonas aeruginosa is a hallmark symptom in cystic 

fibrosis (CF) patients. Abnormal glycosylation has been implicated as a contributing factor for 

this condition. A recent study reported that Mannose-6-Phosphate isomerase (MPI), a 

glycosylation enzyme involved N-glycosylation, is down regulated in a CFTR deficient airway 

epithelial cell line, suggesting MPI as a potential contributor to this pathogenesis. I observed a 

40% decrease in N-glycosylation on the surface of CFTR deficient cells (IB3) compared to 

CFTR corrected cells (S9) along with a 2-fold lower attachment of P. aeruginosa laboratory 

strain PAO1 to IB3 cells compared to S9 cells. Blocking N-glycosylation in S9 cells prior to 

PAO1 binding significantly decreased the bacterial attachment, revealing a role of N-

glycosylation in cell adhesion. 

Further analysis of the PAO1 ingestion by IB3 and S9 cells revealed a 2-fold lower uptake by 

IB3 cells. I also discovered an ensuing bacterial clearance deficiency in IB3 cells with a 

reduction in programmed cell death response as a mechanism for clearance. Transfecting IB3 

cells with a MPI or CFTR over-expressing plasmid reversed these IB3 deficiencies. Additionally, 
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as mannose can be directly phosphorylated by hexokinase to produce mannose-6-phosphate, 

independent of MPI, a dose dependent correction of the IB3 deficiencies was observed when 

cultured in variable mannose rich media. These data indicate an important role of MPI in 

bacterial clearance. 

Using an in vivo model for P. aeruginosa colonization in the upper airways, I observed a 

significant increase in bacterial burden in the trachea, oropharynx and, the lungs in untreated 

Whitsett mice compared to mice treated with an AAV5 viral vector expressing murine MPI or a 

hyper-mannose water diet. Analysis of lung cell suspensions from these mice revealed a 

significant increase in N-glycosylation in treated Whitsett mice compared to those untreated.  

Finally, an increased lung inflammatory response occurred in untreated Whitsett mice compared 

to treated mice.  

MPI involvement in the chronic colonization of P. aeruginosa in the CF airways is a novel 

concept for a hallmark disease condition in CF. Treating the N-glycosylation deficiency in the 

CF lung provides another therapeutic avenue for improving bacterial clearance. 
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CHAPTER 1 
BACKGROUND 

Cystic Fibrosis 

Cystic fibrosis (CF) is an autosomal homozygous genetic disease that leads to premature 

death occurring at a frequency of roughly 1/3,300 births in North America. The range of 

premature death extends from early in childhood to adult middle age with the average life 

expectance hovering around the mid 30’s. Early detection is critical to increase life expectancy 

by initiating life-extending treatment as soon as possible to slow the pace of lung tissue 

destruction, which is the primary cause of mortality. There are a host of other factors that 

influence life expectancy which can include the type of mutations, frequent access to modern 

therapies, discipline of the patient to follow physician’s instructions, diet and exercise.  Although 

CF affects multiple organs, which includes pancreas, liver, digestive tract and reproductive tract, 

the primary pathology occurs in the lung that accounts for 90% of the mortality (2). 

In 1989 CF was linked to mutation in the Cystic Fibrosis Transmembrane Conductance 

Regulator (CFTR) gene (1). Approximately 1 in every 20 people of European descent is a carrier 

of a mutant CFTR allele, amounting to an estimated 12 million American carriers and roughly 40 

million European carriers (2). The CFTR gene is 230 kb in length and is located on the short arm 

of human chromosome 7 (19q13). Transcription and splicing produces a 6.1 kb mRNA with a 

coding region of 4.4 kb that encodes a 1480 amino acid membrane bound glycoprotein with a 

molecular mass of 170,000 Daltons (3-5). 

CFTR Protein 

The cystic fibrosis transmembrane conductance regulator (CFTR) is in the ATP binding 

cassette (ABC) transporter family. It is primarily located in the apical membrane of epithelia 

cells and regulates the transepithelial salt and liquid movement. A 90% to complete CFTR 
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protein function loss causes the genetic disease cystic fibrosis with less dysfunction causing mild 

to no disease state.  

CFTR Structure 

The CFTR protein is composed of five domains: two membrane-spanning domains 

(MSDs), two nucleotide-binding domains (NBDs), and a regulatory (R) domain that together 

forms a novel phosphorylation dependent Cl- efflux channel protein (figure 1-1) (5). The (R) 

domain in the CFTR protein is unique to the ABC transporter family. The two membrane-

spanning domains (MSD1 and MSD2) are each composed of 6 α-helices. Together these 

domains function primarily to stabilize the protein in the cell membrane and provide pore 

assembly for Cl- specific transport across the cell membrane. The two nucleotide-binding 

domains (NBD1 and NBD2) provide the ATP nucleotide binding sites and utilize the ATP 

energy to open and close the ion gate. Finally, the domain that makes the CFTR protein unique 

amongst the ABC transporter family is the regulatory domain ( R ).  This R-domain is a highly 

charged region of the CFTR protein that has multiple consensus phosphorylation sites for 

regulating the activity of the CFTR protein (5,6) 

CFTR Function 

Cl- efflux is the primary function of the CFTR protein (5-10). The CFTR protein is critical 

in maintaining salt balance and fluid flow in the cell and the surrounding extra-cellular 

environment. Although Cl- efflux has been determined to be the main process of this protein, it is 

not just a transmembrane channel protein. There are well-characterized, secondary functions that 

include regulation of the Epithelial Sodium Channel (ENaCs) (6-10) and Outward Rectifying 

Chloride Channel (ORCCs) (6,9,10). There is a range of “loss of function” mutations in the 
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CFTR gene leading causing different sources of protein dysfunction from abnormal trafficking to 

improper regulation within the membrane (5).  

Direct chloride efflux by CFTR protein 

The maintenance of salt levels in the intra-cellular and extra-cellular environment is critical 

for normal physiology. There is a large range of membrane bound proteins responsible for the 

movement of these salt ions for the purposes of maintaining this salt balance. CFTR is a multi-

domain pore transmembrane protein that uses the energy from ATP hydrolysis to regulate Cl- 

anion movement between the intra-cellular and extra-cellular environment. The 2 TMDs of the 

CFTR protein stabilize the protein in the transmembrane and comprise the pore for passive 

movement of Cl- down the electrochemical gradient. Additionally, there are charge pockets in 

these domains that provide the selective permeability toward Cl- anions of the CFTR protein.  

Although ion movement is not restricted to Cl-, the large difference in permeability of Cl 

compared to other ions shows the preference towards Cl- anions (5,9).  

Movement of the Cl- anions is regulated by the active and quiescent state of the channel 

gate. ATP binds to the NBDs of the CFTR protein. Hydrolysis of the ATPs is regulated by 

phosphorylation of the preferential serines with in the R-domain by cAMP dependent protein 

kinase A or C (PKA or PKC). When ATP hydrolysis occurs the CFTR protein is activated and 

allows the passive flow of Cl- anions. Dephosphorylation of the R-domain at preferential sites 

restores the CFTR to quiescent state and stops the passive flow of Cl- anions (5,9,10). 

Regulation of ENaC and ORCC by CFTR protein 

 The epithelial sodium channel (ENaC) protein is a multi-subunit membrane transport 

protein for the absorption of Na+ across the apical surface of epithelial cells (11). Abnormal Na+ 

absorption into the airway epithelium occurs in patients with cystic fibrosis (7,12). Under normal 
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conditions, CFTR has an inverse effect on Na+ absorption in cells containing functional ENaC 

and CFTR proteins (7). Na+ absorption was analyzed in a canine kidney epithelial clone (MDCK 

cell line) that expresses ENaC but not CFTR. Na+ absorption was reduced when functional 

CFTR was expressed in this cell line (7). Further secondary regulation function of CFTR extends 

to another type of chloride channel; the Outward Rectifying Chloride Channels (ORCC) (6,9,10). 

ORCC Cl- efflux activity is defective in the presence of mutant but not functional CFTR showing 

a positive regulation of CFTR on the ORCCs (13,14). 

Other effects of CFTR protein 

Additional studies have shown that CFTR is involved in other cellular mechanisms outside 

of the Na+ / Cl- regulation. CFTR has been shown to regulate vesicle trafficking (15,16), regulate 

intracellular compartment acidification and protein processing (17,18) and modulate the renal 

outer medullary potassium channel (ROMK) sensitivity to sulfonylurea (19,20). 

Mutations 

Over 1300 different mutations have been discovered in the CFTR gene. The ΔF508 

mutation is the most common mutation. Roughly 70% of patients have at least one ΔF508 allele. 

ΔF508 is a three-base in-frame deletion resulting in the loss of a single phenylalanine residue at 

amino acid position 508. The resultant protein in a partially functional, misfolded protein that 

undergoes degradation early in the ERAD pathway and is not properly trafficked to the cell 

membrane (21,22). 

Due to the large amount of known mutations and the 5 domain structure of the protein 

these mutations have be divided into 5 classes: 1) splice mutations, leading to reduced amounts 

of intact CFTR in the various tissues; 2) mutations producing Cl- channels with reduced single-
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channel conductance; 3) mutations producing Cl- channels that cannot be activated normally; 4) 

mutations resulting in the protein being caught and degraded in the cell’s quality control 

machinery (the class for the ΔF508 allele)  and 5) mutations leading to protein truncations (23). 

Parallel to the wide array of mutations is a range of pathology with some mutations leading to 

mild form of cystic fibrosis (9).   

Patho-Physiology 

Although the CF pathology is very complex, affecting many organs with ranges of 

severity, hallmark lung pathologies that account for 90% of mortality from CF have been 

revealed. The Cl- efflux deficiency and a secondary increase in Na+ absorption caused by the 

deficient CFTR protein in airway epithelial cells leads to alterations in the airway surface liquid 

(ASL).  Increased liquid flow from ASL into the epithelium results in a dehydrated ASL 

containing mucus with elevated viscosity leading to deficient muco-ciliary clearance of airway 

pathogens leaving the airway vulnerable to opportunistic pathogens.  (23-25).  

For reasons that are not entirely clear, the CF lung environment has a strong predilection 

for the opportunistic pathogen Pseudomonas aeruginosa. The vast majority of CF patients have a 

chronic infection with P. aeruginosa (25,26). This chronic state of persistent lung infection leads 

to a constant influx of cellular infiltrates from the immune system that ultimately leads to 

destruction of lung tissue and may progress to respiratory failure. CFTR deficiency affects other 

organs, including the pancreas, small and large intestine, liver, sweat gland ducts, and male 

reproductive tract, but the primary cause of morbidity and mortality is the lung condition (27). 

Although most of focus has been on CFTR’s role in regulating fluid and electrolyte fluxes within 

the airways, CFTR has also been shown to be involved directly with the binding, ingestion and 

finally clearance by desquamation of P. aeruginosa (26,28,29). This brings to light a deficiency, 
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not only in general muco-ciliary clearance but in a specific clearance by cellular means as well. 

This may account for the predilection of CF patients not seen in ciliary dyskinesia; a muco-

ciliary lung condition due to immotile cilia caused by a dynein motor protein function loss (30).  

Role of Airway Surface Liquid (ASL) 

The airways epithelium is covered with a thin layer of liquid that provides a barrier gel that 

allows for normal ciliary movement. It has been established that normal ASL is critical in 

maintaining host defense against invading pathogens (80,81). It is widely accepted that the CF 

lung has severe abnormalities in the ASL that contributes to the increase in pathogen load with in 

the airways. Unfortunately, there are differing theories on the type and cause of the abnormality. 

One theory suggests that the ASL is hypertonic in the CF airway that leads to an 

impairment of anti-microbial agents in the lung. This theory suggests that the CFTR dysfunction 

leads to a decreased salt absorption by the epithelium (82). This hypertonic ASL environment 

prevents the optimal defense from lysozymes, lactoferrin and β-defensins generating a 

predisposition to pulmonary infection (83-85). 

An opposing, and more widely accepted, theory suggests that the ASL is isotonic in the CF 

lung leading to a dehydrated muco-ciliary environment and ciliary dysfunction. This theory 

suggests that fluid absorption into the epithelium is increased due to increased salt absorption 

into the surrounding cells do to loss of regulation of the ENaC protein. As previously mentioned 

the CFTR protein regulates sodium absorption by controlling ENaC function. When CFTR is 

defective, the ENaC sodium channels are not regulated and there is an increase of Na+ absorption 

with consequent water absorption. These abnormalities result in a thick mucus layer with 

increased viscosity limiting ciliary and cough clearance of pathogens (7,86,87).  



 

25 

P. aeruginosa Interaction with the Epithelium 

There are opposing but not mutually exclusive theories on the role of the airway 

epithelium and P. aeruginosa. The basic points behind these two theories are findings that have 

revealed an increased attachment of P. aeruginosa and an opposing (88,89) decreased attachment 

of P. aeruginosa to CFTR deficient airway epithelial cells (29,90,91).  

Increased attachment of P. aeruginosa to CF airway epithelial cells 

Asiaylated glycoproteins (aGM1) have asialoGM1 glycolipids and are airway epithelial cell 

surface receptors for P. aeruginosa. It has been shown that these are increased in the CF airway 

(88,89). Studies to verify asialoGM1 is a P. aeruginosa receptor were performed by blocking 

asialo-GM1 adhesion molecules on P. aeruginosa with free asialo-GM1 or by blocking the 

asialo-GM1 on glycoproteins using anti-asialo-GM1 to inhibit P. aeruginosa attachment (88, 92, 

93). The increased binding of P. aeruginosa to the CF airway could also be corrected in vitro by 

correcting the CFTR deficient airway epithelial cells with functional CFTR (94). 

Decreased attachment of P. aeruginosa to CF airway epithelial cells 

Contrary to the previous theory, opposing evidence has revealed that there is a decrease in 

host-cellular clearance by cellular death in the absence of CFTR protein. The proposed 

mechanism involves the CFTR protein as a receptor for P. aeruginosa via the 

lypopolysaccharide (LPS). When CFTR is deficient a decreased uptake of P. aeruginosa and a 

reduction in host cellular death as a mechanism for clearance will occur (29,90,91). Therefore, 

this mechanism involves more than just attachment of bacterial but also a host cell clearance 

response. To add evidence to this theory, it has been shown that a bacterial internalization 

increase occurs in a CFTR dose-dependent manner in a CFTR mouse model (95). 
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Role of Immune Response in CF Airway 

The chronic infection that plagues the CF airway promotes a chronic hyper-inflammatory 

response that is dominated by neutrophils and polymorphonuclear leukocytes. These neutrophils 

and polymorphonuclear leukocytes contain granules that release proteases, anti-microbial 

peptides and reactive oxygen species (ROS) (96-98). Coordinating this chronic influx is the 

excessive increase in proinflammatory cytokines, most importantly IL-8. The elevated level of 

IL-8 is directed by the NF-KB transcription factor activation due to the chronic persistence of 

bacteria in the lung (99, 100). This chronic inflammatory response proves to be destructive to the 

lung tissue and in most cases, leads to a lethal pulmonary challenge (101).  

Secondary Pathology 

The presence of secondary pathologies has always been known and the severity of these 

pathologies increase as the CF patient’s life extends into adulthood. Additionally, there is an 

occurrence of other age-related pathologies that was not commonly observed when patients had a 

lower life expectancy. Pancreatic insufficiency has been well characterized in CF and now many 

older CF patients are developing CF related diabetes. Liver and digestion deficiencies have been 

well documented and also progress in severity as CF patients increase in age. In fact liver disease 

is the second most common cause of death in CF patients. CF patients also commonly suffer 

from malnutrition, vitamin E deficiency, maldigestion and inadequate weight gain, related to the 

secondary symptoms in the digestive tracts and pancreas. Finally, males are sterile due to the bi-

lateral absence of the vas deferens (31). 
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Glycosylation Abnormalities in CF 

The complexities of glycosylation abnormalities are well established in the CF lung. The 

presence of abnormal gylcosylation in the CF lung is widely accepted but what contribution the 

abnormal glycosylation has on the CF lung pathology and what causes this abnormality is still 

under debate. There are two contrary theories that have been well pursued. The majority of the 

research in the field of abnormal gylcosylation has focused on how the abnormality contributes 

to the chronic colonization of P. aeruginosa. Reduction of sialic acid terminal glycosylation 

residues by the increase in the asialo-GM1 glycolipid is widely accepted as a common 

abnormality in glycosylation (39,40). If and how this abnormality affects P. aeruginosa 

attachment in the airway is still widely debated. Additionally there is a global reduction in N-

glycosylation of glyco-proteins in CF patients (41). To account for this N-glycosylation 

deficiency an in vitro micro-array study of CFTR deficient IB3 cells revealed a reduction in MPI 

mRNA expression levels (involved in N-linked glycosylation production) compared to the CFTR 

corrected S9 cells (42). 

P. aeruginosa Binding Studies 

Unfortunately, it is not clear why P. aeruginosa targets the CF airways so effectively. Some 

authors have reported that P. aeruginosa adheres better to CFTR deficiency airway epithelial 

cells than wild type cells via an interaction mediated by asialo-GM1 binding, though others do 

not report similar results (43,44). Some investigators have demonstrated that CFTR is a receptor 

for P. aeruginosa lipopolysaccharide (LPS) and is deficient in the CF airway (45). Furthermore, 

in vitro studies have reported that CFTR plays a role in bacterial ingestion into airway epithelial 

cells for clearance by desquamation and is reduced by defective CFTR in (46). This 

demonstrates a cellular clearance deficiency in the CF airway by a reduction in sloughing and 
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clearing of bacteria-laden epithelial cells. Further studies demonstrate that mucins have strong 

adhesion to FliD, the flagellar cap protein associated with P. aeruginosa by an unknown 

mechanism (47-49). Additionally, in vitro studies report that this P. aeruginosa attraction to 

mucins enhances biofilm formation (49,50).  

MPI (Mannose-6-Phosphate isomerase) 

  Mannose-6-phosphate isomerase (MPI), also known as phosphomannose isomerase 

(PMI), catalyzes the interconversion of fructose-6-phosphate and mannose-6-phosphate and 

plays a critical role in maintaining the supply of D-mannose derivatives, which are required for 

most glycosylation reactions (32). Mannose-6-phosphate is a crucial substrate that is used for the 

production of N-glycans, which are necessary for N-linked glycosylation of glyco-proteins 

(Figure 1-2). A very rare autosomal homozygous genetic disorder; Congenital Disorder of 

Glycosylation 1b is linked to MPI. Patients present with severe loss of n-glycosylation units on 

serum glyco-proteins analyzed by the levels of Carbohydrate Deficient Transferin (CDT) in the 

blood. The symptoms are variable but some consistencies do exist. Patients commonly exhibit 

cyclic vomiting, profound hypoglycemia, failure to thrive, liver fibrosis, and protein-losing 

enteropathy and is occasionally associated with coagulation disturbances. No neurological 

involvement has been characterized which is unique amongst the glycosylation disorders (33-

35). Fortunately, there is a well-conserved pathway for the production of N-glycans independent 

of MPI by direct phosphorylation of cellular ingested mannose by hexokinase yielding mannose-

6-phosphate. Therefore, oral supplement with a hyper-mannose diet is used to treat the MPI 

genetic disorder in patients with great success (33,34). 

 MPI or PMI is well conserved through the different prokaryotic and eukaryotic organisms 

(33). In yeast there is roughly 40% conservation of MPI compared to humans and loss of MPI in 
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yeast in lethal useless growth is supplemented with mannose (36). In most bacteria, the MPI 

gene is roughly 30% conserved compared to humans and expression levels are severely reduced 

by the high salt stresses (37). Finally MPI null mice are embryonic lethal at E11.5 (38). 

MPI Contribution to P. aeruginosa Predilection in CF airway 

MPI deficiencies contribute to reduction in N-acetyl glucosamine; which has adhesion 

properties for P. aeruginosa. It has been demonstrated that MPI down regulation occurs in IB3 

cells; A CFTR deficient bronchial epithelial cell line (42). Furthermore, decreased binding to IB3 

cells compared to S9 cells that express functional CFTR has been demonstrated (46). 

Additionally, CFTR patients present with an increase in carbohydrate deficient transferin (CDT) 

in serum (41). Increase of CDT is used as a marker for N-glycosylation deficiency (51). 

Proposed linkage of MPI down regulation to CFTR deficiency 

Stress conditions have traditionally played a role in abnormal expression on a global level. 

Many intracellular stress conditions exist in CFTR deficient cells such as abnormal intracellular 

pH levels and increased salt content (52). These stress conditions can play a role in the mis-

regulation in CFTR deficient IB3 cells (53). As mentioned previously, MPI is well conserved 

through eukaryonic and prokaryotic organisms (54). A focused oligonucleotide microarray study 

in Lactocccus lactis to profile the expression of 375 genes was performed. Among the focused 

study was PMI (MPI) expression levels. Lactocccus lactis showed a 5-fold decrease in MPI 

expression under a high salt stress condition (54). Although this maybe tenuous in linking to 

CFTR deficiency to MPI mis-regulation it does provide precedence. 
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Adeno-Associated Viral (AAV) Gene Therapy 

Adeno-associated virus (AAV) is a parvovirus with a small single strained genome (4.7kb) 

that consists of two inverted terminal repeats (ITRs) flanking the two genes, rep and cap. The 

rep gene encodes the Rep78, Rep68, Rep52 and Rep40 proteins that provide functions necessary 

for viral DNA replication. The cap gene encodes the VP1, VP2 and VP3 proteins, which are the 

structural components of the viral capsid.  AAV is naturally defective for replication, and cells 

generally require co-infection with a helper virus in order to support productive replication of 

AAV.  In the absence of a helper virus co-infection, AAV enters a latent phase, which may 

include episomal or integrated forms.  Wild type AAV2 integration in tissue culture is unique in 

that it is often site-specific on human chromosome 19; the AAVS1 site (55-57). 

In recent years, naturally occurring variations in the cap gene account for the discovery of 

many different genomic variants and serotypes of AAV. These variants provide flexibility of 

AAV as a viral vector by providing multiple serotypes of the viral capsid. These serotypes have 

different tropisms allowing a wide array of tissue types to be infected depending on the variant 

used. AAV2 was the first serotype to be investigated (58-60). The vast majority of humans are 

seropositive for AAV2 exposure yet it has not been consistently associated with any human 

disease (61-64). Typical rAAV vectors contain only the ITR sequences, providing roughly 4.7 

Kb of packaging capacity for the transgene of interest and any promoter or expression enhancer. 

rAAV does not retain the site-specificity of integration seen with wt-AAV2 in tissue culture, but 

rather persists primarily in episomal form (55,56). 

On a whole, AAV as a viral vector has many advantages. With the wide array of serotypes 

capable of infecting dividing and non-dividing cells there is a library of viral vectors to work 

with that gives us a foreseeable promise that all tissue types can be potential targets for viral 
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transduction with this delivery system. The absence of any observed pathology from infection 

provides solace to safety concerns using viral vectors for gene therapy. Although the packaging 

limits of the viral genome are constrained, with only 4.7 kb available for the packaging size of 

the expression cassette, most cDNAs are small enough to accommodate the addition of 

expression enhancing elements without having to modify the cDNA size. Finally, if subsequent 

infections are necessary different serotypes can be used to evade the immune system. 

siRNA for Specific Down regulation of mRNA Transcripts 

The siRNA technique to selectively reduce the mRNA expression levels of a specific gene 

has been well established. This technique has become so invaluable that many scientific supply 

companies have developed siRNA libraries for complete coverage of the common genomes used 

in medical research such as Homo sapiens and Mus musculus (common house mouse). siRNA 

technique can be used in vitro or in vivo and will knockdown your mRNA of choice to develop a 

direct relationship to your gene and a diseased or normal physiological  event. This technique is 

also ideal for knocking down genes that are normally embryonic lethal when attempts to develop 

knockout animals have been pursued.  

siRNA Mechanism  

Small interfering RNAs (siRNA) utilize the natural occurring double stranded RNA 

interference (RNAi) mechanisms first discovered in Caenorhabditis elegans (C. elegans) for 

sequence specific destruction of mRNAs (102).  It was found that untranslated micro ds-mRNAs 

could cause a significant decrease in translated mRNA expression levels compared to a micro ss-

mRNA. miRNAs (microRNAs) occur naturally in a large range of organisms. Over 3000 

miRNAs have been discovered in species ranging from plants to humans and are largely 

involved in embryonic development. Temporal miRNAs expression is critical in embryonic 
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development to silence genes that, if unregulated, would have the potential to cause deformities 

during critical points of development(103).  It is estimated that 600 miRNAs exist in mammalian 

cells and that 30% of human gene expression is regulated by miRNAs (104,105).  

miRNAs are small double-stranded (DS) mRNAs usually 21 nt in length either with a stem 

loop between the sense and anti-sense strands to develop the DS structure or with separately 

expressed sense and anti-sense micro RNAs for DS annealment in the absence of a stemloop. DS 

miRNA structures are cleaved with dicer and become associated with the RISC protein complex. 

Additionally, the cleaved DS mRNA can associate with the siRNA protein complex. The RISC 

complex with the DS siRNA has the potential to introduce these small fragments of DS miRNA 

to target mRNAs for antisense attachment to a small portion of the mRNA and the RISC 

complex cleaves the DS portion of the mRNA causing degradation. The other mechanism of 

limiting protein levels involves the siRNA protein complex with the DS microRNA stem loop 

complex. This complex becomes associated with the mRNA for translation and inhibits 

translation without degrading the mRNA. (Figure 1-4 (105)) 

Developing siRNA Constructs for Expression of siRNA In-vivo and In-vitro 

We can utilize the naturally occurring RNAi mechanism to selectively degrade mRNA 

levels of a target gene by engineering specific siRNAs for our gene of interest and subcloning 

this siRNA into an expression vector with a special U6 promoter; a naturally occurring promoter 

involved in the expression of tRNAs. The U6 promoter is efficiently used for the expression of 

small untranslated mRNAs. The siRNA will have a sense strand a stem loop and an anti-sense 

strand that will target our mRNA of interest (figure 1-5).  
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Figure 1-1.  Wild-type CFTR within a membrane. Transmembrane domains (TMDs) span the 

membrane groups of six. Nucleotide binding domains (NBDs) and the regulatory 
domain (R domain) lie within the cytoplasm (5). 
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Figure 1-2.  N-glycosylation enzymatic pathway. A: MPI (PMI) converts fructose-6-phosphate 
into mannose-6-phosphate B: Direct phosphorylation of external mannose for the 
production of mannose-6-phosphate independent of MPI (PMI)(33). 
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Figure 1-3. AAV genes, mRNA and proteins. 
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Figure 1-4.  RNAi mechanisms. A) Shows duplex of microRNAs that anneal in the absence of a 
hairpin B) Dicer degradation of DS RNA without a hairpin to develop ssRNA 
interference on a specific translated mRNA by anti-sense annealing and mRNA 
cleavage by the RISC complex.  C) DS hairpin precursor for the production of small 
anti-sense RNA by dicer cleavage for translation inhibition but not destruction of 
mRNA (105). 
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Figure 1-5.  siRNA expression vector for the selective destruction of mRNA from any target 
gene.  
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CHAPTER 2 
PROJECT GOALS 

Verify N-glycosylation Deficiency 

My dissertation began with a claim that the MPI deficiency in CFTR deficient airway 

epithelial cells generates an overall deficiency in the N-glycosylation profile on the membrane 

surface and contributes to abnormal bacteria adhesion. The first step in this study was to verify 

that N-glycosylation deficiency plagues the epithelial profile in CFTR deficient airway epithelial 

cells.  

N-glycosylation Abnormality Contributes to Bacterial Clearance Deficiency 

Abnormal adherence of P. aeruginosa is a widely accepted consequence of CFTR 

deficiency. Abnormal glycosylation is one of the agreed upon contributors to the abnormal 

binding. Unfortunately, the exact glycosylation abnormality has yet to be agreed upon, although 

reduced sialic acid residues, increased fucosylation and an increase in asialoGM1 have been well 

documented in CF there is still some dispute if these are the sources of abnormal binding.  

With the discovery of N-glycosylation deficiencies in CFTR defective airway epithelial 

cells in vitro I had a candidate that may contribute to abnormal bacterial adhesion. A decrease in 

bacteria adhesion, ingestion and subsequent clearance by desquamation of airway epithelial cells 

has been previously revealed. I suggest that the N-glycosylation abnormality contributes to these 

deficiency in bacterial adhesion. The next step of this project is to verify that the decrease in 

bacterial adhesion by CFTR deficiency, discovered previously, can be replicated in vitro. 

Additionally, in will develop an in vivo model to demonstrate that this deficiency can be 

observed in CFTR deficient mice. 
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MPI and Hyper-mannose Treatments for Deficiencies 

The final step of this project will be to correct this bacterial clearance deficiency in cell 

culture and in the developed mouse model to show a bacterial burden increase in the CF airways. 

I am going to show that reversing the MPI deficiency in a CFTR deficient cell line and the 

proposed deficiency in CFTR null mice will provide partial or, in the most optimistic outcome, 

complete correction of the bacterial clearance deficiency. Additionally, I am going to show that a 

non-evasive hyper-mannose liquid diet or treatment can provide correction of this clearance 

deficiency independent of MPI correction. 
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CHAPTER 3 
IN-VITRO STUDIES 

Materials and Methods 

This material and methods section provides a complete description of all the experiments 

and the necessary materials to complete the in vitro related project goals. This section will be 

followed by a description of the expected results and the actual results. 

Verifying N-glycosylation Abnormalities 

I proposed that the MPI deficiency discovered in CFTR deficient airway epithelial cells 

contributes to a global N-glycosylation deficiency in the epithelial membrane profile. These 

experiments were used to test this theory. 

Experiments to verify abnormalities 

Fluorescence activated cell sorting (FACS) analysis of fluorescein (FITC) conjugated 

lectins was used to quantify the N-glycosylation profile of IB3 (CFTR deficient / diseased) and 

S9 (CFTR corrected / healthy) cell lines. The lectins used to specifically attach to N-

glycosylation portion of the membrane bound glyco-proteins were Wheat Germ Agglutinin 

(WGA) and Concanavalin A (Con A), which are common lectins to analyze N-linked 

glycosylation (65-67) 

IB3 and S9 cells were grown in T-75 tissue culture flasks with 15mls of epithelial cell 

culture media until 75% - 90% confluency was achieved. Normal growth conditions were used 

for all cell culture experiments: 37°C with 5% carbon dioxide (CO2) in a VWR™ signature water 

jacketed incubator. The growth media utilized for all the in vitro studies (unless otherwise noted) 

was LHC-8 media from Invitrogen™ with 5% fetal bovine serum (FBS) and 1% penicillin and 

streptomycin antibiotic mixture both obtained from CellGrow™ incubated at 37°C to warm 
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media prior to adding. The cells were detached by removing growth media, adding 1ml of 

Trypsin-EDTA solution from CellGrow™ and incubating at 37°C for 10 minutes. The detached 

cells were collected in 5mL of growth media in a 15ml conical tube. The cell suspension was 

centrifuged at 4°C for 8 minutes at 650 gs. The supernatant was poured off and the cell pellet 

was washed with 5mls of room temperature Phosphate Suffered Saline (PBS) and centrifuged 

using the same condition. Again, the supernatant was poured off and the cell pellet was 

resuspended in 5ml of growth media. 5.0e5 cells were added each well of a 6-well cell culture 

plate and growth media was added to a final volume of 2ml. The cells were incubated for 48 

hours to reach optimal confluency.  

After the cell growth reached optimal confluency, n-glycosylation profiling was performed 

using a common FITC conjugated lectin staining procedure. The staining measurements were 

collected by fluorescent detection. As a control for background fluorescence by FACS analysis 

some IB3 and S9 cells were blocked with unconjugated lectins prior to adding the FITC 

conjugated lectins. To block for background control 1ml of 100 ug/ml of either unconjugated 

WGA or Con A in Pharmingen Stain Buffer (BSA) from BD Biosciences™ was added to each 

well and incubated at 37°C for 1hr. After the blocking period, blocked and unblocked epithelial 

cells were stained with FITC-conjugated lectins by adding 1ml of 50ug/ml of either FITC-

conjugated WGA or Con A to either blocked or unblocked cells and incubating at 37°C for 1hr. 

Following these incubations, the staining solution was removed and 1ml of just stain buffer was 

added to the cells. The cells were mechanically detached from the surface of the culture plates by 

using a cell scrapper and collected in the 1ml of stain buffer.  

Finally, quantification of FITC stained cells was performed by using FACS analysis to 

obtain a percentage of stained cells using the FL1 fluorescent detector channel. FITC stain uses 
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Fluorsecein molecules that are excited at 494 nm and emit fluorescence at 512 nm. FACS 

analysis of the stained cells was performed on a 4-color Becton Dickinson FACS caliber 

machine which utilizes 2 lasers at 488 and 635 nm to excite fluorescence and 4 fluorescent 

detectors at 530 ± 15 nm (FL1), 585 ± 21 nm (FL2), 670 nm (FL3), 661 ± 8 nm (FL4) (see 

Figure 3-1). 

To determine that the abnormal glycosylation profile of the CFTR deficient epithelial cells 

was confined to the N-linked glycosylation units staining using an O-glycosylation lectin was 

performed. The previously described staining procedure was performed using Soy Bean 

Agglutinin (SBA); a common lectin used to analyze O-linked glycosylation (65). FACS analysis 

proceeded the IB3 and S9 staining with FITC SBA to analyze any O-linked glycosylation 

changes.  

Analysis of Bacterial Adhesion 

Bacteria adhesion analysis is the first step in bacterial ingestion and subsequent clearance 

by the host cell. I proposed that this first stage mechanism of bacterial adhesion is reduced in 

CFTR deficient airway epithelial cell followed by reduced clearance. 

Experiments to test abnormal adhesion 

IB3 and S9 cells were utilized to test the adhesion of P. aeruginosa strain PAO1. IB3 and 

S9 cell were grown first in T-75 and 6-well plates as previously described. Additional wells were 

used for counting the amount of IB3 and S9 cells present in each well of the 6-well plate after 48 

hours of growth to determine the correct amount of PAO1 colony forming units (CFU) used for 

incubation with the IB3 and S9 cells to analyze adhesion.  

After the 48 hours of growth of 5.0e5 IB3 and S9 cells in a 6-well tissue culture plate, 20X 

multiplicity of infection (MOI) of PAO1 in 1ml of warm Opti-Mem media was added to each 
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well and incubated at 37°C for 1 hour. After the 1hr infection period the infection media was 

removed and the wells were rinsed twice of any free floating PAOI bacterium that did not attach 

using 2ml of warm Hanks media. Collection of the attached and ingested bacteria was performed 

by adding 500ul of lysis buffer with 1.0% IPEGAL (NP40 substitute) in 100 mM NaCl, 100 mM 

Tris-Cl pH 8.0 and 25 mM EDTA pH 8.0. This lysis buffer selectively destroyed the host cells, 

while the bacteria remained viable.   

The isolated bacteria was diluted and plated on ampicillin selection plates for counting as 

follows. First, 100ul of the 500ul lysis buffer sample with the collected bacteria was added to 

900ul of tryptic soy broth and 1:10 serial dilutions were made. Diluted bacteria were plated on 

selective tryptic soy bacterial growth plates with 100 ug/ml of ampicillin for selection of P. 

aeruginosa, which is naturally resistant to ampicillin. The dilutions used were 1:1000, 1:3300, 

and 1:10,000. The bacteria were grown to form colonies overnight at 37°C and the colonies were 

counted the next day. Multiplying by the dilution factors gave the total number of bacterial CFU 

that was collected from the IB3 and S9 cells. A percentage of attached bacteria was obtained by 

dividing this number by the total amount of bacteria CFU incubated during infection.  

Verify that N-glycosylation Contributes to PAO1 Binding 

A link would have to established between the proposed N-glycosylation deficiency in the 

CF cell line and the proposed reduction in PAO1 binding. This link would demonstrate that the 

n-glycosylation deficiency has an overall consequence of host cellular death in vitro as a 

mechanism for clearance that would mimic desquamation in the lung epithelium (26).  To prove 

the concept that N-glycosylation contributes to PAO1 adhesion, the n-glycosylation profile was 

blocked with WGA or Con A lectin prior to infecting with PAO1. 
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Experiment to block PAO1 attachment using lectins 

This experiment was performed the same as the previously described protocol to analyze 

bacterial adhesion with the exception of a dose dependent pre-treatment with lectins to block the 

attachment of PAO1 CFU. Prior to adding 20X MOI of PAO1 I incubated IB3 and S9 cells for 1 

hr at 37°C with 1 ml of Opti-Mem containing either no lectins (as a positive control) or 

500ng/ml, 5ug/ml and 50ug/ml of either Con A, WGA or SBA lectin. Con A and WGA will 

block N-glycosylation and SBA will block O-glycosylation. 

Analysis of Ingested Bacteria and Clearance 

I had to further develop the story of n-glycosylation deficiency contributing to a reduction 

in bacterial clearance in the CFTR deficient epithelial cells. The next experimental procedures 

would be to analyze ingestion of bacteria by the host epithelial cells. This would be followed by 

measuring the clearance of the internalized bacteria after a 4hr period of intra-cellular activity on 

the ingested bacteria. My proposal was that, initially, there is decreased number of bacteria CFU 

ingested by the CFTR deficient IB3 cells compared to the CFTR corrected S9 cells. Additionally, 

I theorized that after 4 hours of intra-cellular activity on the ingested bacteria, there would be an 

increased number of bacterium in the IB3 cells compared to the S9 cells.  

Experiments to measure intra-cellular bacteria before and after clearance period 

Fortunately, two experimental-friendly protocols could be established in the lab for the 

purpose of analyzing intra-cellular bacteria before and after the clearance period. Therefore, two 

experimental procedures could be performed that focused on the proposed IB3 cell deficiency in 

bacterial ingestion and subsequent clearance. The first experimental procedure involved counting 

the amount of intra-cellular bacteria by plating the CFUs collected from the host cell on selective 
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plates, similar to the previously mentioned protocol for analyzing bacteria adherence. The second 

experimental procedure utilized the same type of experimental design. The difference would be 

in the use of fluorescent detection as means to measure the intra-cellular bacteria. This procedure 

utilized a PAOI strain expressing the green fluorescent protein (GFP) (68). GFP fluorescence 

from the ingested bacteria could be analyzed by FACS analysis of the host cells after ingestion of 

the GFP expressing bacteria.  

The first protocol (called the CFU counting protocol) was similar to the bacteria adhesion 

protocol. IB3 and S9 cells were grown in 6-well culture plates starting at 5.0e5 cells and grown 

for 48 hours. After the 48 hours of growth, the cells were infected with 40X MOI of PAO1 strain 

for 1hr in 1ml of Opti-Mem. The infection media was removed and the cells were rinsed twice 

with Hanks media. Following the rinsing procedure 300ug/ml of gentimicn was added to the 

growth media of the infected IB3 and S9 cells for 1 hours at 37°C to kill the extra-cellular 

bacteria that was not ingested after the 1 hour infection. After the antibiotic treatment, 500ul of 

the previously described lysis buffer was added to the IB3 and S9 cells to collect only ingested 

bacteria from the host cells. The collected PAO1 CFU was cultured and analyzed as previously 

described in the bacteria adhesion protocol. This portion of the experiment gave me the total 

ingested CFU prior to the clearance period. To get the data for intra-cellular CFU following the 

clearance period I added a 4 hour “clearance period “ after the “antibiotic treatment period” 

following the “infection/ingestion period”. Briefly, side-by side experiments were performed 

with IB3 and S9 cells grown for analysis of intra-cellular CFU prior to and after the clearance 

period.  The CFU ingested after the clearance period was analyzed by allowing intra-cellular 

activity to continue for four hours following the antibiotic treatment period with gentimicin. The 

IB3 and S9 cells with intra-cellular bacteria were incubated for 4 hours in growth media with 300 
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ug/ml of gentimicin. The gentimicin during the clearance period was to kill any viable bacteria 

that were released from dead or dying host cells to minimize re-infection the remaining viable 

host cells. This clearance period followed infection and antibiotic death of extra-cellular 

bacteria. After the clearance period intra-cellular bacterial CFU was collected as previously 

described with 500ul of lysis buffer. The collected bacteria were grown and analyzed using the 

same methods to analyze bacteria adherence.  

The green fluorescent protein (GFP) is excited by the same FACS laser that excites 

Fluorescein (FITC) and emits fluorescence that is absorbed by the FL1 fluorescent detector in 4-

color FACS caliber flow cytometry machine from Becton Dickinson™.  A quantitative 

fluorescence measurement could be collected using the P. aeruginosa strain that expresses GFP. 

Host IB3 or S9 cells that have ingested GFP expressing bacteria could be sent through the flow 

cytometer and the GFP intensity of these host cells could be measured to provide comparative 

study between disease (IB3) and healthy (S9) cells. A PAO1 strain with a GFP expressing 

plasmid was obtained from Roberto Kolter at Harvard Medical School (Figure 3-2) (68). This 

strain produces a high intensity GFP P. aeruginosa pathogen (see Figure 3-3).  

The bulk of the procedure to analyze GFP fluorescence from host cell ingestion of PAO1 

expressing GFP is the same as the procedure to analyze the amount of PAO1 CFU in the host 

cells before and after the clearance period. To refresh, IB3 and S9 cells were grown in 6-well 

plates and infected the host cells with GFP expressing PAO1 at 40X MOI for 1hr at 37°C. After 

the infection period the host cells were treated with gentimicin to kill the remaining extra-cellular 

bacteria that did not get ingested. This was followed by the 4hr clearance period during which 

the host cells containing intra-cellular GFP expressing PAO1 are incubated with gentimicin 



 

47 

growth media to kill any viable bacteria that get released from dead or dying host cells so that 

these bacteria cannot be re-digested by surviving host cells (Figure 3-28).  

Collecting the host cells for GFP fluorescence by FACS analysis differs from the 

procedure to count CFU on bacterial plates. Cells were collected at two stages of the procedure. 

Cell group 1, which is the initial analysis of ingested GFP expressing PAO1 prior to the 

clearance period, was collected after the antibiotic period and before the clearance period. Cell 

group 2, which analyzes the change in ingested GFP expressing PAO1 and is collected after the 

4 hour clearance period. With the data from the two groups we can analyze the initial amount of 

GFP expressing CFU ingested into the host cell and the change in the amount of intra-cellular 

GFP expressing CFU after the clearance period. To collect the host cells, 100ul of Trypsin-

EDTA was added to the cells after the growth media was removed to detach the cells from the 

surface of the plate. The detached cells were collected in 1 mL of Pharmingen Stain Buffer 

(BSA) from BD Biosciences™. This GFP fluorescent host cell suspension was analyzed by 

FACS analysis and the GFP fluorescent was measure by the FL1 fluorescent channel on the flow 

cytometry machine. A background control is required to measure auto-fluorescence from 

bacteria and host cell interaction. The background control used was normal PAO1 strain, which 

was added to the group of host cells used to establish background fluorescence instead of the 

GFP expressing PAO1 strain.  

Analysis of Host Cellular Death to Show Clearance Deficiency 

Previously, experiments have been designed to show that there is a N-glycosylation 

deficiency in the CFTR defective IB3 cells with a Mannose-6-phosphate (MPI) deficiency 

compared to S9 cells and that this deficiency leads to a decrease in bacterial binding, ingestion 

and a deficiency in bacterial clearance from the host cells. To finalize this story I needed to 
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analyze host cellular death as a mechanism for bacterial clearance. My theory was that the IB3 

CFTR deficient airway epithelial cell with abnormal MPI regulation would show a reduction in 

host cellular death after bacterial ingestion. 

Experiment to analyze host cellular death after PAO1 ingestion 

 This procedure was the same as the procedure to determine ingested GFP expressing 

PAO1 into the host cells by analysis of GFP fluorescence from IB3 and S9 cells with ingested 

bacteria. The GFP expressing PAO1 strain was used to infect those cells for 1 hr. The infection 

period was followed by the gentimicin antibiotic period to kill undigested bacteria and then one 

group of host cells was collected for initial analysis of cell death prior to the clearance period. 

Finally, the host cells with intra-cellular bacteria were collected after the clearance period for 

analysis of the change in host cellular death after the clearance period. The collection of the host 

cells was the same as previously described for analysis of intra-cellular bacteria by FACS 

analysis. Briefly, the host-cells were detached from the surface of the culture plate and collected 

in 1ml of Pharmingen Stain Buffer (BSA) from BD Biosciences™. After collection the cells were 

stained by the large molecule nucleic acid stain 7AAD. 10ul of the 7AAD stain solution from 

BD Biosciences™ was added to the host cells suspended in 1ml of from Pharmingen Stain Buffer 

(BSA) from BD Biosciences™ and incubated at room temperature for 10 minutes in the dark. 

The cells were centrifuged for 8 minutes at 650 gs to collect the cell pellet. The cell pellet was 

resuspended in 1ml of Pharmingen Stain Buffer (BSA) from BD Biosciences™ and this cell 

suspension was used for FACS analysis of both GFP and 7AAD fluorescence. A background 

control was established by staining non-infected IB3 and S9 cells. 7AAD is used as marker for 

early and late cellular death. 7AAD is a large molecule with native fluorescence. Much like 

Propidium iodide, 7AAD can only penetrate the cell membrane and stain the DNA when the 
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membrane is compromised by pores that occur during programmed cellular death. 7AAD 

fluorescence is detected at 647 nm by the FL3 fluorescent detector on the 4-color FACS caliber 

machine from Becton Dickinson™.  

Ensuring that gentimicin during clearance period is not therapeutic 

The 4hr clearance period previously described was done in the presence of gentimicin in 

hopes of preventing re-infection of viable bacteria liberated from dying or dead host cells. 

Unfortunately, it was discovered that there was a possibility that this treatment could contribute 

to any differences observed in bacterial load within the host cells when comparing the diseased 

(IB3) cells to the healthy (S9) cells. S9 cells could be more sensitive to gentimicin than IB3 cells 

and decrease the amount of intra-cellular bacteria in S9 cells by an antibiotic mechanism not a 

host cellular death mechanism. To rule out this possibility, the same ingestion and clearance 

experiments previously described were performed to analyze ingested bacteria without the 

gentimicin during the 4hr clearance period. Just as a reminder, the 1hr antibiotic period prior to 

the clearance period was still performed to ensure that there was not “free floating” or 

undigested bacteria prior to the beginning of the clearance period. Data was collected as 

previously described by analyzing GFP fluorescence with FACS analysis from GFP positive 

intra-cellular bacteria in the host cells. There was no difference when measuring the intra-cellular 

bacteria when the cells where incubated without gentimicin during the clearance period 

compared to the cells treated with gentimicin during the same clearance period (Figure 3-4). 

Measuring mRNA Expression Levels in Treated and Untreated IB3 and S9 Cells  

The foundation of this dissertation was built from the discovery that the MPI expression 

level is significantly decreased in the IB3 cells compared to the S9 cells by Isabel Virella-Lowell 

M.D, HenryBaker Ph.D, Terence Flotte M.D and others (42). Although, there is no question to 
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credibility of this discovery, I wanted to verify this deficiency. Additionally, I wanted to confirm 

that the IB3 cells transfected with MPI, CFTR and the S9 cells treated with the siRNA CFTR 

indeed show an increase in the CFTR and MPI expression levels (in the transfected IB3 cells) 

and a decrease in the CFTR expression in the S9 siRNA cells.  

Sybr green real-time PCR to measure expression levels 

Real-Time PCR is used to measure the amount of amplified product after each cycle using 

fluorescent detection. Syber green is a dsDNA dye that binds to all DS products. A comparative 

analysis of mRNA levels from treated samples can be compared to untreated samples when 

normalized to the expression of a housekeeping gene that remains unchanged when comparing 

the treated and untreated samples. This analysis will return a fold change between untreated and 

treated samples. 

The first step was to isolate the total mRNA from the samples to analyze. This was 

performed using the mRNA mini extraction kit from QIAGEN™. Following the extraction of the 

procedure the total mRNA profile was converted to a total cDNA profile using the Quantitect 

reverse transcription kit from QIAGEN™. The final step was to specifically amplify the cDNAs 

of interest using cDNA specific primers. Along with this amplification step is the addition of 

Syber green detection dye for measuring the levels of the amplified cDNA at each cycle. This 

final step was achieved by using the Sybr Green Quantitect PCR kit from QIAGEN™ and pre-

designed primers from QIAGEN™ that when engineered for use with the Sybr Green PCR Kit. 

The PCR portion of this experiment was performed using the 7700 ABI sequence detection 

system™ using the standard conditions that were provided with the PCR kit. 

Now the focus shifts to analyzing the data collected from this procedure. To understand the 

methods to analyze the data there has to be a discussion about how the raw data is presented. The 
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common amplification curve begins with the exponential phase usually from cycle 1 to cycle 15 

then the linear phase usually from cycle 16 to 35 and the plateau phase at the end. The 

fluorescent intensity in the linear phase of the amplification is region of the real time PCR curve 

that is used to collect the data that will be analyzed. In this phase there is a linear increase from 

one cycle to next and any differences in mRNA levels when comparing experimental and control 

samples can be extracted by a simple mathematical calculation. The known data points required 

for this mathematical calculation to determine the fold differences between experimental and 

control group are the ct values from the targeted mRNA and the selected housekeeping mRNA. 

The ct value is the cycle in which the amplification product reaches a selected fluorescent 

intensity with in the linear phase of the curve. The first calculation is to determine the Δct 

between either the control or experimental targeted ct value and the control or experimental 

housekeeping ct value (Δct= ct of the MPI mRNA from IB3 untreated – ct from housekeeping 

mRNA in the IB3 untreated). The second calculation is the ΔΔct calculation. The ΔΔct value is 

calculated by subtracting the Δct control value from the Δct experimental value. The fold change 

is determined by this formula; Fold = 2-ΔΔct. 

In-Vitro Treatments 

Several treatments were used to verify that CFTR and down regulation of MPI plays a role 

in abnormal glycosylation and a resultant clearance deficiency by IB3 cells. I proposed that 

reversing either the CFTR or MPI deficiency in IB3 cells would provide therapeutic benefit for 

the cellular based clearance deficiency by IB3 cells. Additionally, I theorized that IB3 cells 

grown in mannose rich media would show partial correction of the clearance deficiency 

providing a non-evasive therapeutic alternative to gene therapy in CFTR deficient mice (the 
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presumption was that I would see a similar deficiency in bacterial clearance by an increase of 

bacterial burden in vivo following a period of bacterial infection).  

CFTR and MPI correction of IB3 cells was performed by transfecting IB3 cells with an 

over-expressing plasmid that was later utilized for the production of a rAAV viral vector. For 

therapeutic delivery, the over-expressing plasmid encoded either full length MPI or a function 

CFTR mini-gene. For transfection controls, the over-expressing plasmid encoded either GFP or 

spinal motor neuron (SMN), which were presumed to have no therapeutic benefit for bacterial 

clearance in IB3 cells. A final experiment was performed to demonstrate that decreasing CFTR 

expression in S9 cells would revert the S9 cell to the IB3 state. To accomplish this, a siRNA 

study was performed using a siRNA expressing plasmid to target the CFTR mRNAs.  

Treatment of IB3 Cells with Therapeutic Plasmids 

The construction of a therapeutic plasmid is necessary for any standard in vitro experiment 

involving augmentation of a specific transgene. For this study an over-expressing plasmid was 

constructed expressing either a function human CFTR cDNA or a functional human MPI cDNA. 

A specialized plasmid was used that could transfect cells in vitro and also be used to package the 

AAV viral vector for gene therapy studies that would proceed the in vitro studies. 

Constructing the therapeutic over-expression plasmids 

A backbone for the over-expression of any cDNA for purposes of transfecting cells in vitro 

and for the production of a rAAV viral vector was previously engineered (69). This very efficient 

over-expressing plasmid was developed to increase the efficiency of gene therapy transduction 

using the rAAV viral vectors but could also be utilized for gene augmentation for in vitro studies 

by direct transfection of the plasmid DNA. The over-expressing cassette within this vector was 

engineered around the AAV2 viral genome. As previously described, the AAV genome is 
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converted to a viral vector expression cassette for any candidate cDNA that can fit within the 

viral ITRs by removing all of the viral genes. The ITRs are necessary to stabilize and possibly 

integrate the vector cassette in the host cells. This vector has a well developed over-expressing 

cassette that begins and ends with the AAV viral ITRs. This vector utilizes a multiply cloning 

site (MCS) for subcloning any desired cDNA paired to the CBA promoter with intron-exon 

sequences (324 bp) prior to the ATG translation initiation site added to increase expression and 

finally the SV40 poly adenalation segment. To summarize, the over-expression cassette features 

are arranged in this fashion; 5’-ITR-CBA promoter-intron-exon sequences-MCS-cDNA-Polya 

tail-ITR-3’, with the plasmid backbone containing the amp resistant gene for ampicillin 

selection.  A viral vector cassette for expression of a functional CFTR mini gene was previously 

constructed (70). The key elements in this plasmid are the: chicken beta-actin promoter, intron-

exon sequences, the Δ264CFTR mini gene subcloned into the MCS, the ampicillin resistant gene 

and the origin of replication.  

This plasmid backbone was utilized for subcloning the human MPI cDNA, the GFP and 

SMN control cDNAs. The pTR2-CB-GFP plasmid was previously subcloned and donated to me 

by Pedro Cruz Ph.D at the University of Florida. This plasmid has been widely used as a control 

vector for countless transfection experiments. The pTR2-CB-SMN control plasmid was 

constructed by Kevin Foust Ph.D at the Ohio State University. This plasmid was constructed as a 

potential therapeutic plasmid for the treatment of Spinal Muscular Atrophy (SMA). The function 

of SMN in motor neurons suggests that SMN expression airway epithelial cells will not affect 

the targeted clearance mechanisms.  

For the construction of the MPI over expressing plasmid the human MPI was amplied from 

the carrier vector and subcloned into the pTR2-CB vector. I received the human MPI cDNA in 



 

54 

the pCMV-Sport6  plamsid from Invitrogen™. The first step was to prepare a PCR cDNA 

fragment of the human MPI transgene to subclone into the pCR2.1-TOPO TA cloning vector 

from Invitrogen™. The PCR2.1 TA cloning vector is supplied as a linearized plasmid with a 

single “T” 5’ overhang at both ends. Attached at the ends of the linearized plasmid is a 

topoisomerase to ligate the appropriate cDNA into the plasmid producing a circular plasmid. The 

critical features of this plasmid are the lacZ operon, the F1 and pUC origin of replication sites, 

the ampicillin resistant gene, the kanamycin resistant gene and the MCS. To prepare a cDNA 

fragment for cloning into this vector the 3’ ends of the fragment must contain a single “A” 

overhang. To produce such a fragment a PCR reaction using human MPI specific primers was 

performed to amplify the entire coding region of the cDNA using the pCMV-Sport6-hMPI 

plasmid as a template. The polymerase mixture used in the reaction was a triple mix from 

Eppendorf™. This triple mix uses a mixture of high fidelity polymerases to reduce point 

mutations during replication and a taq polyermase to attach a single “A” to the 3’ ends of the 

fragment. The cDNA of human MPI is roughly 1.3 kb so the addition of a high fidelity 

polymerase to the taq polymerase was necessary to prevent point mutations. This fragment was 

gel purified for use in subcloning into the pCR2.1 cloning vector. This fragment was cloned into 

the pCR2.1 plasmid using the standard protocol for TA cloning by Invitrogen™.   

Following the cloning reaction 2-5ul of the cloning reaction was incubated with 50ul of 

chemically competent TOP10’ cells from Invitrogen™. This mixture was incubated on ice for 30 

minutes. Following the 30 minute incubation period, the mixture was heat shocked at 42°C for 

30 seconds and then immediately transferred it to ice for 5 minutes. SOC media was added to the 

mixture and incubated at 37°C while shaking at 225 RPMS for 1 hr.  The solution containing 

potential ecoli bacteria transformed with the pCR2.1 plasmid was plated onto standard LB 
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selection plates with 100 ug/ml of ampicillin and incubated overnight at 37°C. Any colonies that 

grew were picked and incubated in 5ml of standard ecoli LB broth with 100ug/ml of ampicillin. 

The next day 800ul of the culture was used for glycerol storage at -80°C and 2mls were used to 

purify the plasmid by using the Eppendorf Mini-Prep Kit™.  

To verify that the plasmid contained the human MPI cDNA an EcorV digestion enzyme 

was used to cut in the multiple cloning site and the human MPI cDNA. After verifying that the 

MPI cDNA was present the MPI cDNA was restricted out from the pCR2.1 vector using EcorI 

and NotI and subcloned it into the pTR2-CB vector with compatible sticky ends. This plasmid 

was transformed into the SURE2 cells from Stategene ™ that are necessary to prevent 

recombination by the viral ITRs. The presence of the human MPI cDNA was verified by 

digestion and sequencing.  

Next, it was necessary to verify that MPI over-expression occurred when a transfection 

was performed with the pTR-CB-hMPI plasmid. Additionally, it was necessary to verify that 

there was a decrease in MPI protein levels in IB3 compared to S9 cells prior to transfection. IB3 

and S9 cells were grown in 6-well plates as previously described. After 48 hours of growth the 

cells were ready for transfection and showed about 75% confluency.  

Both IB3 and S9 cells were transfected with the pTR2-CB-hMPI plasmid as a potential 

therapeutic vector or the pTR2-CB-GFP as a transfection control to ensure that the transfection 

was successful and that the transfection procedure does not influence the production of 

endogenous MPI production. For optimal transfection the cells were grown to 75% confluency. 

After the cells reached there target confluency (typically 48 hours after plating 5.0e5 cells) we 

added the transfection media mixed with the plasmid DNA to move the plasmid DNA into the 

intra-cellular environment for transcription and translation of the transgene. We used the 
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standard procedure from Invitrogen™ to transfect the cells. The procedure requires 10ul of the 

transfection media Lipfectamine2000™ and 4ug of the plasmid DNA. Lipofectamine2000™ is a 

cationic liposome that has a positively charged head that can bind the negatively charged DNA 

and a lipid bi-layer to fuse with the cell membrane to move the DNA into the cell. This 

procedure is the standard procedure used for all transfection used throughout this study. 10ul of 

Lipofectamine2000™ was added to 250ul of Opti-Mem per sample and 4ug of plasmid DNA was 

added to 250 ul of Opti-Mem. These two mixtures were combined and incubated at room 

temperature for 20 minutes. After the incubation period the growth media was removed from the 

cells in the 6-well plates and the transfection media was added to the cells with an additionally 

1mL of Opti-Mem and incubated for 4hrs in normal growth conditions. After the 4hr incubation 

period the transfection media was removed and 2ml of growth media was added. The 

transfection media has cytotoxic properties so a longer incubation period with the transfection 

media may kill the cells. Forty-eight hours after transfection the GFP control cells were viewed 

under a Fluorescence microscope for GFP expression (Figure 3-5). The other cells are collected 

for experimental purposes.  

For western blot analysis of the MPI protein in the IB3 and S9 transfected and 

untransfected treated and untreated IB3 and S9 cells were collected using 100ul of Trypsin-

EDTA solution to detach the cells from the surface of the culture plate and collected in 1mL of 

PBS and centrifuged at 650 gs for 8 minutes at 4°C. The supernatant was poured off and the 

pellet was resuspended in 200ul of PBS and stored at -80°C until western blot procedure was 

performed. MPI is an intra-cellular protein so a lysis procedure is necessary for the release of the 

MPI protein. The cells were thawed at room temperature and frozen with liquid nitrogen 3 times 

to lyse the cells. 15ul of the lysis sample was used for western blotting. The Criterion Western 
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Blot system from Biorad™ was used for all protein analysis studies. Briefly the sample was 

prepared by adding 15ul of Laemmle buffer with 0.2% b-mercaptoethanol to 15ul of the protein 

sample. This sample was incubated at 95°C for 5 minutes. This sample was added to a 12% Tris-

HCl Criterion gel in 1X Tris\Glycine\SDS running buffer from Biorad™ and ran at 150 Volts for 

1hr. A protein ladder was added to the gel to determine the size of the detected protein as well as 

to verify that protein transfer to the membrane was successful. The gel was removed and 

transferred to the blotting membrane using the wet transfer system. This requires a “Blotting 

Sandwich” with the membrane facing the anode plate and the gel facing the cathode plate. Pre-

chilled transfer buffer is added to the transfer apparatus. The transfer buffer was 1X Tris\glycine 

from Biorad™ with 20% methanol. The transfer was performed at 100 Volts for 60 minutes 

while mixing the transfer buffer with a frozen block of blue ice to prevent overheating of the 

transfer procedure and increased electrical resistance. The membrane with transferred proteins 

was blocked with 5% dried milk solution in 0.1% PBS Tween solution and shook for 1hr at room 

temperature. This was followed by primary detection with the MPI antibody (or CFTR 

antibody). The MPI antibody is not commercially available and was obtained from Hudson 

Freeze PhD at the Burnham Institute (71). The primary antibody was diluted at 1:500 in 0.1% 

PBS Tween for 1hr at room temperature and attached only if the MPI protein band was present. 

A horse radish peroxidase (HRP) conjugated secondary antibody was used to detect rabbit-IgG 

from the primary antibody and was diluted at 1:5000 in 0.1% PBS tween and incubated for 1hr at 

room temperature. Next, chemiluminescence detection was performed by developing the HRP 

conjugated 2° antibody using the ECL Detection System from Amersham™. The membrane with 

the developed HRP 2° antibody was exposed to Hyper Film ECL from Amersham™ to detect 

chemiluminescence. A clear band at the anticipated protein mass will appear if the targeted 
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protein is present. A more intense band indicated a higher level of targeted protein. This western 

blot procedure showed an increase in intensity from IB3 and S9 cells transfected with pTR2-CB-

hMPI compared to the cell lines transfected with pTR2-CB-GFP as a control (see Figure 3-6).   

CFTR siRNA Treatment of S9 Cells to Revert the Healthy Cells to Diseased State 

In the background there is a thorough description of how DS siRNAs can utilize the RNAi 

mRNA degradation pathway to selectively reduce the transcripts of a targeted gene to performed 

“knockdown” experiments. CFTR in the corrected S9 cells is a good candidate for a 

“knockdown” study. We have proposed that the CFTR deficiency is involved in the down-

regulation of MPI mRNA and has an adverse affect of the bacterial clearance mechanism by host 

cellular death and contributes to the chronic lung colonization phenotype in cystic fibrosis. 

Targeting the CFTR transcripts in S9 cells will revert these CFTR corrected cells back to the 

their initially diseased state and will mimic the results obtained from the CFTR deficient IB3 

cells.   

CFTR siRNA construct 

A universal siRNA construct was previously engineered by Pedro Cruz, PhD., at the 

University of Florida (107). The construct utilizes the same AAV expression cassette with 5’ and 

3’ endcaps with some modifications. The CBA promoter was removed and replaced with the 

strong U6 promoter for efficient expression of small untranslated mRNAs. The MCS site gave 

me the flexibility to develop a suitable siRNA cDNA with compatible sticky ends for subcloning 

easily into the universal construct. A previously developed hCFTR siRNA sequence was used to 

target the hCFTR mRNAs. The siRNA targets a 19 bp region 76 bps downstream of the ATG 

start site using NCBI accession number NM_000492 as a template for blasting (108). The 

targeted 5’ sense sequence was GGATACAGACAGCGCCTGG. A sense-stemloop-antisense 
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oligo was constructed using the AMBION ™ website with the desired sticky ends for subcloning. 

To make a negative control siRNA the 5’ sense sequence for targeting the desired region of the 

CFTR transcript was scrabbled and than blasted against the human ESTs in the NCBI database to 

verify that no complete sequence alignment occurred. The BamH1 restriction sticky end was 

used at the sense 5’ end and the HindIII restriction sticky end at the sense 3’ end. The entire 

siRNA oligo for subcloning included a “5’BamhI Sticky End”-“Sense Sequence”-“Stem loop”-

“Anti-sense Sequence”-“3’HindIII Sticky End” (Figure 3-7). The negative control utilized the 

same sticky ends and stem loop sequence but the sense sequence was scrambled and a 

complementary anti-sense sequence was developed from the scrambled sense sequence.  

Therapeutic CFTR and MPI Correction in IB3 Cells  

All the experimental procedures utilized for the in vitro portion of this study were 

previously described. The experiments described to this point were to reveal an abnormality in 

cellular based bacterial clearance of PAO1 P. aeruginosa strain in IB3 cells with a deficiency in 

both MPI and CFTR protein levels and a global defect in the epithelial profile of N linked 

glycosylation. Additionally, I proposed that gene augmentation of either a function CFTR mini-

gene or human MPI cDNA in the IB3 cells would have a therapeutic benefit. To demonstrate this 

claim the therapeutic plasmids would have to be transfected into the IB3 cells for correction of 

the deficiencies in n-glycosylation, bacterial adhesion, bacterial ingestion and bacterial clearance 

by host cellular death.  

Testing Therapeutic Benefit of Mannose-Rich Media 

Extra-cellular mannose can be utilized for the production of mannose-6-phosphate 

independent of MPI. Mannose-6-phosphate is the substrate for the production of N-glycans. 

Additionally, it has been shown that mannose supplement in pmi (mpi) null yeast rescues the 
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yeast from lethality (54). Moreover, the congenital disorder of glycosylation 1b (CDG 1b) 

caused by homozygous mutation of MPI in human is corrected by a hyper-mannose diet (72,73). 

Having an established precedent of a hyper mannose treatment supplementing a MPI deficiency 

an effort to test a non-invasive treatment of chronic bacterial colonization was pursued. IB3 cells 

where grown in variable mannose media as a treatment for the purposed IB3 deficiencies in a 

dose dependent fashion.  

We tested a range of mannose concentrations in the growth media to determine the optimal 

concentration for therapeutic benefit. The IB3 cells were grown in the following concentrations 

to test correction: 50 nM, 500 nM, 5 uM, 500 uM, 1mM and 50 mM. Mannose rich growth 

media for the IB3 cells was tested in the N-glycosylation deficiency, reduced bacterial adhesion, 

ingestion and defect in bacterial clearance by host cellular death. 

 Knocking down CFTR in S9 cells with siRNA construct 

S9 cells were transfected as previously described with the pTR2-U6-CFTRsiRNA and 

negative control constructs. I verified that the CFTR protein was reduced in the S9 cells 

transfected with the pTR2-U6-CFTRsiRNA construct compared to the scrambled negative 

control construct by using the western blotting technique previously described. The primary 

antibody was the commercially available human CFTR antibody from Santa Cruz Biotech™; sc-

20074 and the secondary antibody was an anti-mouse IgG HRP labeled antibody. After verifying 

that the siRNA successfully knocked down the CFTR protein level the S9 cells were treated with 

this construct and the N-glycosylation profile was measured. Next, S9 siRNA treatment was 

tested for deficiencies in the bacterial attachment, ingestion and host cell death phenotypes to 

determine if the data mimicked that obtained from the CFTR deficient IB3 cells. The procedures 

for these experiments were previously described.  
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Results 

Correction of the N-glycosylation Deficiency in IB3 Cells 

I predicted that there was a deficiency in N-glycosylation and not O-glycosylation in the 

IB3 cell line. Additionally, I suggested that CFTR and MPI gene augmentation in IB3 cells by 

transfection of either pTR2-CB-MPI or pTR2-CB-Δ264CFTR with pTR2-CB-SMN as a 

transfection control will correct the deficiency in N-glycosylation without affecting the O-glycan 

profile. I also claimed that IB3 cells grown in mannose rich media would provide some 

correction of this deficiency. The first set of data to test these theories was the N-glycosylation 

values collected from using FITC conjugated lectins to bind to the membrane profile in untreated 

and treated IB3 and S9 cells as previously described using: WGA, Con A and SBA. The data 

was presented as a percentage of the detected FITC fluorescence from attached lectins.  

The data from untreated IB3 cells were normalized to 100% and the data from S9, MPI 

treated IB3 cells, CFTR treated IB3 cells, 500uM Mannose treated IB3 cells, siRNA treated S9 

cell and SMN treated IB3 and S9 as controls were presented as a percent increase or decrease 

over untreated IB3 cells (See Figure 3-8, 3-9 & 3-10). The untreated S9 and S9 cells transfected 

with the scrambled CFTR siRNA control showed a 1.5 fold increase over the untreated IB3 cells 

using the FITC conjugated WGA and Con A lectins while the FITC conjugated SBA showed no 

significant difference. The IB3 cells transfected with MPI or CFTR showed a 1.3 fold increase 

over the untreated IB3 cells using the WGA and Con A lectins while the FITC conjugated SBA 

lectin showed no significant difference. To continue, there was a 1.3 fold increase from IB3 cells 

cultured in 500mM mannose in relationship to the IB3 cells that were not treated using the FITC 

conjugated WGA and Con A while the control, FITC conjugated SBA lectin, showed no 

difference. Finally, S9 cells transfected with the CFTR siRNA showed no significant difference 
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when measured against the untreated IB3 cells using the WGA and Con A lectins as well as the 

SBA lectins.  

Testing or Clearance Deficiency and Correction in Untreated IB3 Cells 

The theory is that the IB3 cells will show a reduction in bacterial attachment, bacterial 

ingestion and subsequent clearance by host cellular death. I developed previously described 

experiments to test these proposed deficiencies. Included in these designed experiments were the 

proposed therapeutic conditions to correct these suggested IB3 defects. I predicted that 

transfecting IB3 cells with pTR2-CB-hMPI or pTR2-CB-Δ264hCFTR with pTR2-CB-GFP as a 

transfection control or growing IB3 cells in a range of mannose rich growth media would protect 

the IB3 cells from these disease conditions. Additionally, I suggested that treating the healthy S9 

cells with the siRNA against CFTR will reverted this corrected cell line to the disease state.  

Binding data and gene augmentation data from MPI and CFTR correction 

CFU counting data was collected from the bacterial adhesion protocol previously 

described. This data includes PAO1 CFU bound to untreated IB3 and S9 cells as well as gene 

correction data from IB3 cells transfected with pTR2-CB-hMPI or pTR2-CB-Δ264 with pTR2-

CB-GFP as a transfection control. The data from untreated IB3 cells were normalized to 100% 

and the data from S9, MPI treated IB3 cells, CFTR treated IB3 cells and GFP treated IB3 control 

were presented as a percent increase or decrease over untreated IB3 cells. This data shows a 3.0 

fold increase in attached PAOI to untreated S9 cells compared to untreated IB3 cells. 

Additionally, the IB3 cells transfected with CFTR and MPI showed a 2.0 fold increase compared 

to untreated IB3 cells (See Figure 3-11 and 3-12).  
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Mannose treatment of bacterial attachment to IB3 cells 

CFU counting data was collected from the bacterial adhesion protocol previously 

described. This data includes PAO1 CFU bound to untreated IB3 and S9 cells as well as 

correction data from IB3 cells grown in a range of mannose-rich growth media. The data from 

untreated IB3 cells were normalized to 100% and the data from S9 and IB3 cells grown in 

mannose rich medias were presented as a percent increase or decrease over untreated IB3 cells. 

The data showed a “bell curve” type of data trend with the highest amount of attached bacteria 

occurring in the mean of the varying concentrations and the lowest amount of bacteria binding 

occurring at the lowest and highest concentrations of mannose of bound PAOI to the IB3 cells 

grown in a range of mannose rich media when compared to untreated IB3 cells (See Figure 3-

13). 

Demonstrate that N-glycosylation is a candidate for PAO1 adhesion 

Demonstrating a proof of concept that N-glycosylation plays a role in PAO1 adhesion is 

critical for this study. Data was collected from the previously described bacteria adhesion 

protocol by counting total PAO1 colonies grown on the tryptic soy growth plates and multiplying 

by the dilution factors. To show that N-glycosylation and not O-glycosylation plays a role PAO1 

attachment the N-glycosylation and O-glycosylation profile was blocked in a dose dependent 

fashion by treating untreated IB3 and S9 cells with unconjugated WGA, Con A and SBA at 

varying concentrations prior to infection with 20X MOI of PAO1 to analyze bacteria adhesion. 

This data showed that S9 cells displayed a decrease in attached bacteria in a dose dependent 

manner from the WGA and Con A blocking compared to untreated S9 cells while there was no 

significant change blocking with SBA (See Figure 3-14).  
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Ingestion, clearance and gene augmentation with MPI and CFTR by CFU counting 

 These data where collected to show any deficiencies in the IB3 cell lines when testing 

bacterial ingestion and clearance compared to the S9 cell line. Additionally, I wanted to check 

that there was a therapeutic affect when the IB3 cells where transfected with the MPI or CFTR 

over-expressing plasmid. The amount of intra-cellular bacterial CFU was counted after the 1hr 

infection/ingestion period and 1hr antibiotic period to establish the initial amount of ingested 

bacteria. Additionally, the intra-cellular bacterial CFU was measured after the clearance period 

that follows the antibiotic period and collected as the clearance data and compared to the initial 

ingested CFU. This data was used to compare the initial ingested bacteria to the intra-cellular 

bacteria after the clearance period to verify a clearance deficiency in the IB3 cells compared to 

S9 cells. Therapeutic treatment was included in this data by transfecting IB3 cells with pTR2-

CB-hMPI and pTR2-CB-Δ264hCFTR with pTR2-CB-GFP as a transfection control.  

The data from untreated IB3 cells were normalized to 100% and the data from S9, MPI 

treated IB3 cells, CFTR treated IB3 cells and GFP treated IB3 control were presented as a 

percent increase or decrease over untreated IB3 cells. Untreated S9 cells showed a 1.7 fold 

increase in initial ingested bacteria compared to untreated IB3 cells. The therapeutic treatment 

showed a 1.5 fold increase of the initial ingested bacteria in IB3 cells transfected with MPI as 

well as the CFTR mini-gene when measured against untreated IB3 cells. When analyzing the 

clearance data the amount of intra-cellular bacteria in S9 cells reduced to half after the clearance 

period while the intra-cellular bacteria almost doubled in the IB3 cells after the same clearance 

period. The IB3 cells transfected with the CFTR mini-gene showed a 30% reduction in the intra-

cellular bacteria and the IB3 cells transfected with the MPI plasmid showed a 20% reduction in 

intra-cellular bacteria after the clearance period (See Figure 3-15 and 3-16). 
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Mannose treatment of bacterial ingestion and clearance in IB3 cells 

CFU counting data was collected from the bacterial ingestion and clearance protocol 

previously described. This data includes PAO1 CFU ingested by untreated IB3 and S9 cells as 

well as correction data from IB3 cells grown in a range of mannose-rich growth media. The data 

from untreated IB3 cells were normalized to 100% and the data from S9 and IB3 cells grown in a 

range of mannose rich medias were presented as a percent increase or decrease over untreated 

IB3 cells.  

The data for the initial intra-cellular bacteria in the IB3 cells grown in a range of mannose 

rich media showed the same “bell curve” trend seen in the data for analyzing attachment 

previously mentioned of the compared to the untreated IB3 cells. When analyzing the data after 

the clearance period there was no change in the intra-cellular bacteria in the IB3 cells grown in 

all the mannose concentrations tested while the bacteria almost doubled in the untreated IB3 cells 

(See Figure 3-17). 

Ingestion and clearance from MPI and CFTR transfection by fluorescent detection 

This data was used to confirm the ingestion and clearance data collected from the CFU 

counting protocol. Utilizing the data from GFP expressing PAO1 ingestion protocol by FACS 

analysis I could confirm the data collected from the CFU counting protocol in regards to the 

initial bacteria ingestion and subsequent clearance. This data was collected by fluorescent 

detection from the flow cytometer by using host cells with ingested GFP expressing bacteria at 

the same periods as the CFU counting protocol. To refresh, untreated IB3 and S9 cells with 

ingested GFP expressing PAO1 where measured for initial ingested bacteria as well as the intra-

cellular GFP expressing bacteria after the clearance period by FACS analysis. Additionally, IB3 

cells where transfected  either pTR2-CB-hMPI and pTR2-CB-Δ264hCFTR with pTR2-CB-SMN 
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as a transfection control. The data from untreated IB3 cells were normalized to 100% and the 

data from S9, MPI treated IB3 cells, CFTR treated IB3 cells and GFP treated IB3 control were 

presented as a percent increase or decrease over untreated IB3 cells.  

Untreated S9 cells showed a 1.9 fold increase in initial ingested bacteria compared to 

untreated IB3 cells. The therapeutic treatment showed a 1.7 fold increase of the initial ingested 

GFP expressing bacteria in IB3 cells transfected with MPI and a 1.5 fold increase in the initial 

ingested GFP expressing bacteria in IB3 cells transfected with the CFTR mini-gene when 

measured against untreated IB3 cells. When analyzing the clearance data the amount of intra-

cellular bacteria in S9 cells reduced to half after the clearance period while the intra-cellular 

bacteria almost doubled in the IB3 cells after the clearance period. The IB3 cells transfected with 

the CFTR mini-gene showed a 30% reduction in the intra-cellular bacteria and the IB3 cells 

transfected with the MPI plasmid showed a 40% reduction in intra-cellular bacteria after the 

clearance period (See Figure 3-18 and 3-19). 

Mannose rich media therapy for IB3 cells 

FACS data was collected from GFP fluorescence by ingested GFP+ PAO1 CFU in the host 

cells following the bacterial ingestion and clearance protocol that was previously described. This 

data analyzed the fluorescent intensity depending on the amount of GFP+ PAO1 ingested by 

untreated IB3 and S9 cells as well as GFP fluorescence from intra-cellular GFP+ PAO1 in IB3 

cells grown in a range of mannose-rich medias. The data from untreated IB3 cells were 

normalized to 100% and the data from S9 and the IB3 cells treated with mannose rich medias 

were presented as a percent increase or decrease over untreated IB3 cells. The data from the 

initial intra-cellular bacteria in the IB3 cells grown in a range of mannose rich media showed an 

increase in the median range of the varying mannose concentrations compared to the untreated 
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IB3 cells. When analyzing the data after the clearance period there was a range of almost double 

the amount of intra-cellular bacteria to no change in the intra-cellular bacteria in the IB3 cells 

grown in variable mannose rich media while the bacteria almost doubled in the untreated IB3 

cells (See Figure 3-20). 

Decrease and Correction of Host Cellular Death as a Mechanism for Clearance 

This data was collected to analyze host cellular death as a mechanism for bacterial 

clearance that mimics in vivo epithelial desquamation. Data was collected from the fluorescence 

of a large molecule nucleic acid stain; 7AAD by the previously described protocol designed to 

determine the percentage of host cells in an apoptotic state after the infection/ingestion and 

clearance period of GFP + PAO1. I predicted that there is a deficiency in host cellular death 

after the infection/ingestion and clearance period by untreated IB3 cells compared to S9 cells. 

FACS analysis data of fluorescence from the 7AAD staining protocol was collected to confirm 

this deficiency. Additionally, I predicted that transfecting IB3 cells with pTR2-CB-hMPI and 

pTR2-CB-Δ264hCFTR with pTR2-CB-GFP as a transfection control and growing IB3 cells in a 

range of mannose rich growth medias would protect the IB3 cells from this deficiency. 

Gene augmentation data from MPI and CFTR correction 

FACS data was collected from 7AAD fluorescence of host cells after ingestion and 

clearance of GFP+ PAO1 CFU in the host cells using the 7AAD staining protocol previously 

described. This data analyzed the fluorescent intensity of 7AAD depending on the apoptotic state 

of the population of host cells after the infection/ingestion and clearance period of GFP+ PAO1 

ingestion by untreated IB3 and S9 cells as well as 7AAD fluorescence from the population IB3 
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cells transfected with pTR2-CB-hMPI or pTR2-CB-Δ264 with pTR2-CB-SMN as a transfection 

control.  

The data from untreated IB3 cells were normalized to 100% and the data from S9, MPI 

treated IB3 cells, CFTR treated IB3 cells and GFP treated IB3 control were presented as a 

percent increase or decrease over untreated IB3 cells. The S9 untreated cells showed a 1.7 fold 

increase in cellular death compared to the untreated IB3 cells. Additionally, the MPI corrected 

IB3 cells showed a 1.5 fold increase in cellular death compared to the untreated IB3 cells while 

the CFTR corrected IB3 cells had a 1.6 fold increase in cell death (See Figure 3-21 and Figure 3-

22). 

Mannose rich media therapy for IB3 cells 

FACS data was collected from 7AAD fluorescence of host cells after ingestion and 

clearance of GFP+ PAO1 CFU in the host cells using the 7AAD staining protocol previously 

described. This data analyzed the fluorescent intensity of 7AAD depending on the apoptotic state 

of the population of host cells after the infection/ingestion and clearance period of GFP+ PAO1 

ingestion by untreated IB3 and S9 cells as well as 7AAD fluorescence from the population IB3 

cells grown in a range of mannose rich medias. The data from untreated IB3 cells were 

normalized to 100% and the data from S9 and IB3 cells grown mannose rich media were 

presented as a percent increase or decrease over untreated IB3 cells. There was a dose dependent 

increase of cellular death in the IB3 cells treated with a range of mannose media compared to the 

untreated IB3 cells (See Figure 3-23). 

siRNA Treatment of  S9 cells to Verify CFTR Role in Clearance Deficiencies 

The experimental designs to test for a bacteria clearance deficiency in the IB3 cells have 

been previously described. Additionally, potential therapeutic benefit was characterized using 
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CFTR and MPI correction or rich mannose treatment independent of MPI. Now, efforts to bring 

another dimension to this well developed experimental story will be tested. The CFTR siRNA 

construct engineered to target human mRNA transcripts was previously described. This construct 

was developed to show that a CFTR corrected cell line under the previously described 

experimental parameters: N-glycosylation, bacterial adhesion, bacterial ingestion, bacterial 

clearance and host cell death could be reverted to a disease state by knocking down CFTR 

expression.  

S9 cells were transfected with the pTR2-U6-CFTRsiRNA or the pTR2-U6-“scrambled 

CFTR-siRNA control”. These transfected S9 cells were sent through the series of previously 

described experiments to test all the parameters of cellular based bacterial clearance. These 

transfected cells were compared against S9 untreated (normal) and IB3 untreated (diseased) 

cells. The data from untreated IB3 cells were normalized to 100% and the data from S9 

untreated, S9 CFTRsiRNA and S9 siRNA negative control were presented as a percent increase 

or decrease compared to untreated IB3 cells. In all aspects the S9 cells treated with the CFTR 

siRNA plamsid showed a reversion to the untreated IB3 state  (See Figure 3-24 - 3-27).  

Testing CFTR and MPI mRNA Levels in Treated and Untreated IB3 and S9 cells 

Theoretically, the MPI and CFTR expression patterns are going to be variable depending 

on whether or not the IB3 and S9 cells are treated or untreated. It is critical to verify this 

proposed variability to ensure that differences seen in the treated and untreated IB3 or S9 cells 

when testing the parameters of bacterial clearance is influenced by MPI and CFTR expression 

levels are paralleled with expression changes.  

I anticipate an increase in the MPI expression from the IB3 cells transfected with pTR2-

CB-hMPI and untreated S9 cells when compared to untreated IB3 cells. Additionally, I would 
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expect to see a modest fold increase in MPI expression from IB3 cells transfected with pTR2-

CB-Δ264hCFTR and only a small fold increase from S9 cells transfected with pTR2-U6-

CFTRsiRNA. The CFTR expression pattern prediction is an significant increase from IB3 cells 

transfected with pTR2-CB-Δ264hCFTR and a significant decrease from S9 cells transfected with 

pTR2-U6-CFTRsiRNA when compared to IB3 untreated cells. 

MPI expression pattern  

 Syber green measurements were taken from MPI mRNA levels in untreated S9 and 

untreated IB3 cells as well as IB3 cells transfected with MPI or CFTR and IB3 cells grown in 

500uM mannose. Additionally, MPI mRNA levels were measured from S9 cells transfected with 

CFTR siRNA. The methods for this procedure where previously described using GAPDH 

expression as the house keeping reference gene. The data was presented with untreated IB3 cells 

normalized to a fold value of 1 (no change) while the other values collected from the untreated 

and treated S9 cells and treated IB3 cells where shown as a fold increase or decrease compared 

to the untreated IB3 cells. The untreated S9 cells showed a 7 fold increase of MPI expression 

levels compared to untreated IB3 cells at cycle 20 while the S9 siRNA treatment showed only a 

2.5 fold increase over the untreated IB3 cells. Additionally, the CFTR treated IB3 cells showed a 

3.5 fold increase of MPI expression level and the MPI treated IB3 cells had a 7.2 fold increase 

compared to untreated IB3 cells. All other treatments; controls and mannose showed no change 

(Figure 3-29). 

CFTR expression pattern 

Syber green measurements were taken from CFTR mRNA levels in untreated S9 and 

untreated IB3 cells as well as IB3 cells transfected with MPI or CFTR and IB3 cells grown in 
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500uM mannose. Additionally, CFTR mRNA levels were measured from S9 cells transfected 

with CFTR siRNA. The methods for this procedure where previously described using GAPDH 

expression as the house keeping reference gene. The methods for this procedure where 

previously described using GAPDH expression as the house keeping reference gene. The data 

was presented with untreated IB3 cells normalized to a fold value of 1 (no change) while the 

other values collected from the untreated and treated S9 cells and treated IB3 cells where shown 

as a fold increase and decrease compared to the untreated IB3 cells. The IB3 cells transfected 

with the CFTR mini-gene showed a 8.6 fold increase of CFTR expression levels compared to 

untreated IB3 cells at cycle 20. Additionally, the S9 siRNA treatment showed an 80% reduction 

of CFTR mRNA compared to the untreated IB3 cells. All other treatment types and the untreated 

S( cells showed no change in the fold change (Figure 3-30). 
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Figure 3-1. Pictorial representation of the FACS detectors, lasers and commons stains using a 

4-color flow cytomery machine (This image is not subject to copyright). 
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Figure 3-2. Construction of GFP expression plasmid for expression in P. aeruginosa strain 

PAO1 (68). 
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Figure 3-3. Confocal image of GFP+ PAO1 ingestion in IB3 cells (green). 
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Figure 3-4. Verifying that the gentimicin treatment during the clearance period of ingested 
GFP+ PAO1 in IB3 or S9 cells does not contribute to bacteria clearance in S9 cells 
or contribute to the clearance deficiency of IB3 cells.  
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Figure 3-5. GFP expression in IB3 cells as an indicator of successful transfection. 

 

Figure 3-6. Western blot of hMPI from S9 and IB3 cells transfected with the therapeutic 
plasmid pTR2-CB-hMPI or the control plasmid pTR2-CB-GFP. 
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Figure 3-7. siRNA oligo to subclone into universal siRNA expression construct for selective 
knockdown of CFTR mRNA transcripts. 
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Figure 3-8.  FITC conjugated Con A lectin binding to N-glycosylation profile of untreated S9 
cells and untreated and treated IB3 cells. 
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Figure 3-9. FITC conjugated WGA lectin binding to the N-glycosylation profile of untreated S9 
cells and untreated and treated IB3 cells. 
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Figure 3-10. FITC conjugated SBA lectin binding to the O-glycosylation profile of untreated S9 
cells and untreated and treated IB3 cells. 
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Figure 3-11. Binding of PAO1 to untreated S9 cells, untreated IB3 cells and IB3 cells transfected 
with pTR2-CB-hMPI with pRT2-CB-GFP as a control. 
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Figure 3-12. PAO1 binding to untreated S9 cells, untreated IB3 cells and IB3 cells transfected 
with pTR2-Δ264hCFTR with pTR2-CB-GFP as a control. 
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Figure 3-13. PAO1 binding to untreated S9 cells, untreated IB3 cells and IB3 cells grown in a 
range of mannose rich medias. 
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Figure 3-14. Dose dependent inhibition of PAO1 binding to untreated S9 and IB3 cells after 
blocking with ConA, WGA and SBA at various concentrations. 
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Figure 3-15. Intra-cellular PAO1 prior to the 4 hour clearance period (light) and after the 4 hour 
clearance period (dark) to demonstrate a change in intra-cellular PAO1 after the 
clearance period from untreated S9 and IB3 cells and IB3 cells transfected with 
pTR2-CB-hMPI with pTR2-CB-GFP as a control. 
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Figure 3-16. Intra-cellular PAO1 prior to the 4 hour clearance period (light) and after the 4 hour 
clearance period (dark) to demonstrate a change in intra-cellular PAO1 after the 
clearance period from untreated S9 and IB3 cells and IB3 cells transfected with 
pTR2-CB-Δ264hCFTR with pTR2-CB-GFP as a control. 
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Figure 3-17. Intra-cellular PAO1 prior to the 4 hour clearance period (light) and after the 4 hour 
clearance period (dark) to demonstrate a change in intra-cellular PAO1 after the 
clearance period from untreated S9 and IB3 cells and IB3 cells grown in a range of 
mannose rich medias. 
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Figure 3-18. Intra-cellular GFP+ PAO1 by FACS analysis prior to the 4 hour clearance period 
(light) and after the 4 hour clearance period (dark) to demonstrate a change in intra-
cellular PAO1 after the clearance period from untreated S9 and IB3 cells and IB3 
cells transfected with pTR2-CB-hMPI with pTR2-CB-SMN as a control. 
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Figure 3-19. Intra-cellular GFP+ PAO1 by FACS analysis prior to the 4 hour clearance period 
(light) and after the 4 hour clearance period (dark) to demonstrate a change in intra-
cellular PAO1 after the clearance period from untreated S9 and IB3 cells and IB3 
cells transfected with pTR2-CB-Δ264hCFTR with pTR2-CB-SMN as a control.  
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Figure 3-20. Intra-cellular GFP+ PAO1 by FACS analysis prior to the 4 hour clearance period 
(light) and after the 4 hour clearance period (dark) to demonstrate a change in intra-
cellular PAO1 after the clearance period from untreated S9 and IB3 cells and IB3 
cells grown in a range of mannose rich medias. 
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Figure 3-21. Analysis of 7AAD staining by FACS of untreated IB3 and S9 cells and IB3 cells 
treated with pTR2-CB-hMPI with pTR2-CB-SMN as a transfection control to 
determine the percent of the host cell population undergoing apoptosis after PAO1 
infection.  

100

120

140

160

180

200

220

240

S9 Untr IB3 untr IB3 SMN IB3 CFTR

%
 d

iff
er

en
ce

 o
f c

el
l d

ea
th

 b
y 

7A
A

D

 

Figure 3-22. Analysis of 7AAD staining by FACS of untreated IB3 and S9 cells and IB3 cells 
treated with pTR2-CB-Δ264hCFTR with pTR2-CB-SMN as a transfection control 
to determine the percent of the host cell population undergoing apoptosis after 
PAO1infection. 
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Figure 3-23. Analysis of 7AAD staining by FACS of untreated IB3 and S9 cells and IB3 cells 
grown in mannose rich medias to determine the percent of the host cell population 
undergoing apoptosis after PAO1 infection. 
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Figure 3-24. PAO1 binding to untreated S9 cells, untreated IB3 cells and S9 cells transfected 
with pTR2-U6-CFTRsiRNA with pTR2-U6-Scrambled siRNA as a control. 
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Figure 3-25. Intra-cellular PAO1 prior to the 4 hour clearance period (light) and after the 4 hour 
clearance period (dark) to demonstrate a change in intra-cellular PAO1 after the 
clearance period from untreated S9 and IB3 cells and S9 cells transfected with 
pTR2-U6-CFTRsiRNA with pTR2-U6-Srambled siRNA as a control. 
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Figure 3-26. Intra-cellular GFP+ PAO1 by FACS analysis prior to the 4 hour clearance period 
(light) and after the 4 hour clearance period (dark) to demonstrate a change in intra-
cellular PAO1 after the clearance period from untreated S9 and IB3 cells and S9 
cells transfected with pTR2-U6-CFTRsiRNA with pTR2-U6-scrambled siRNA as a 
control. 
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Figure 3-27. Analysis of 7AAD staining by FACS of untreated IB3 and S9 cells and S9 cells 
treated with pTR2-U6-CFTRsiRNA with pTR2-U6-Scrambled siRNA as a 
transfection control to determine the percent of the host cell population undergoing 
apoptosis after GFP+ PAO1 infection. 

 

Figure 3-28. In-vitro experimental design overview: Binding, Ingestion and clearance description 
of events and treatment.  
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Figure 3-29. Fold change of MPI mRNA levels of experimental and control groups from in vitro 
cell culture studies from Sybr green real time data collected at cycle 20. 
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Figure 3-30. Fold change of CFTR mRNA levels of experimental and control groups from in 
vitro cell culture studies from Sybr green real time data collected at cycle 20.
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CHAPTER 4 
IN-VIVO STUDIES 

Materials and Methods 

This chapter will discuss the CF mouse model used in this study and the therapies that I 

proposed would provide some correction. A dependable CF mouse model that mimics the 

bacterial clearance deficiency in human patients has yet to be established. A reasonable model 

was developed at Harvard in Gerald Pier’s lab that has been termed the “Drinking Water Model” 

because the bacterial infection to colonize the mice is given through the drinking water; 

unfortunately, it has been difficult to replicate (74). I based my airway colonization model of P. 

aeruginosa around this model with some modifications that I hoped would establish some 

consistency using this promising model. Treatments included AAV5-MPI gene therapy directed 

at the airways and a non-invasive diet of hyper-mannose through the drinking water of the CFTR 

deficiency mice. 

Mouse Model Methods 

The purpose of this model was to establish a colonization of P. aeruginosa in the airways 

of CFTR deficient mice. There were four distinct periods in this model. The first period began 

prior to the infection period (Day 0). This period involved the therapeutic treatment period prior 

to infection with either the high-mannose diet or the constructed viral vector expressing mouse 

MPI targeting the airways and begins at wk –4 or wk –3 respectively. The second period was a 

preliminary antibiotic period that began two weeks prior to the infection period (wk –2). This 

antibiotic treatment period was established to clear the airways of endogenous infection so there 

would be no competition for the selected P. aeruginosa strain to help colonization of the 

airways. The infection period of the selected P. aeruginosa strain began at wk 0 and continued 

for two weeks. Following the 2 week infection period there was a mild antibiotic regimen with 
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the hyper-mannose treatment if using mannose as a treatment for the length of the study. The 

mice were sacrificed at wk +8 and the endpoints for the model were performed. To note, I 

changed the antibiotics and bacterial tainted drinking water (during the infection period) daily. 

The CFTR deficient mouse 

I used the Whitsett strain of mice for this study; CFTRm1Unc−/−(FABP-hCFTR). This mouse 

was engineered by John Whitsett by cross breeding a homozygous CFTR deficient C57/BL6 

mouse strain which has a premature stop codon in the CFTR mRNA developed at University of 

North Carolina (UNC) (109) and a transgenic FVB mouse expressing normal hCFTR using the 

Fatty Acid Binding Promoter (FABP) for directed expression in the digestive system only 

leaving the airways still vulnerable to CF pathologies. This CFTR deficient mouse does not have 

the failure to thrive characteristic of the CFTRm1Unc−/− mouse, can be breed as homozygotes and 

can be given solid food without developing a fatal gut infection but still shows susceptibility to 

terminal lung conditions (75). 

Mouse MPI treatment by rAAV5-mMPI intra-tracheal delivery  

First I developed a rAAV5-mMPI viral vector to selectively target the airway for high-

level expression of mouse MPI. AAV5 serotype has been previously shown to have strong 

tropism for the apical surface of the airway epithelial cells. I was targeting the airway epithelium 

by gene therapy transduction to correct any clearance deficiency so the use of rAAV5 was 

optimal for this gene therapy study. The University of Florida Vector core developed the rAAV5 

viral vector expressing mMPI from the vector genome. The Vector Core was provided with a 

plasmid for packaging the expression cassette with the mouse MPI cDNA. This plasmid was 

generated this by the same methods previously described to develop the pTR2-CB-hMPI for 

transfecting the IB3 cells for in-vitro therapy. The mouse MPI cDNA was received from 

Invitrogen™ in the pCMV-Sport6 carrier vector.  Mouse MPI specific primers were utilized to 
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PCR amplify the cDNA using the triple master mix from Eppendorf™ for high fidelity 

amplification and for adding a single “A” overhang at the 3’ ends for subcloning into the pCR2.1 

TA cloning vector from Invitrogen™ as previously described. After the mMPI cDNA was 

subcloned in the pCR2.1 backbone the Multiple Cloning Site (MCS) was used to excise out the 

mMPI cDNA with Ecor1 and HindIII providing compatible sticky ends for cloning into the 

pTR2-CB vector used for AAV5 packaging. After subcloning the mMPI cDNA into the pTR2-

CB backbone, the IB3 cells were transfected with this vector to ensure increased levels of mMPI 

using the western blot procedure previously to verify mouse human MPI production from the 

pTR2-CB-hMPI (Figure 4-1). The antibody used to detect the human MPI cross-reacts with the 

mouse MPI protein with more efficiency. This developed pTR2-CB-mMPI vector cassette was 

packaged as the viral genome in the rAAV5 viral vector for gene therapy purposes.  

After obtaining a sample of the rAAV5-mMPI viral vector from the vector the next step 

was to treat the Whitsett Mice. A 50ul sample containing 2.312 vector genomes of the rAAV5-

mMPI mixed with phosphate buffer saline (PBS) was injected into the trachea of 6 Whitsett mice 

with a small 25 gauge butterfly needle to allow the sample to spray into the lungs. For the control 

group, 6 Whitsett mice were injected with 2.312 vector genomes of a rAAV5-GFP control viral 

vector obtained from the Vector Core. Transduced cells will produce a non-therapeutic green 

fluorescent protein (GFP) and can be used to monitor the transduction efficiency using intra-

tracheal delivery of the AAV5 vector in the mice airways and rule out the possibility of an 

artificial therapy due to the procedure not the treatment. The injection was done 3 weeks prior to 

the infection period to allow for sufficient production of recombinant MPI or GFP.  
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Hyper-mannose treatment of Whitsett mice  

The mannose treatment is a non-invasive treatment involving a hyper mannose liquid diet 

through the drinking water. The mice were given drinking water with 5ug/ml of mannose for 4 

weeks prior to the infection period. The dosage was based on the previous in vivo studies 

developed to test treatment of the mpi -/- disorder CGD1b with a hyper-mannose diet (110). It is 

widely accepted that CFTR deficient airway cells turnover every 4 weeks in CF patients. 

Therefore, a 4 week treatment period prior to infection is optimal to ensure that all the epithelial 

cells present in the airway would have gone through a replication cycle during the hyper-

mannose liquid diet. The hyper mannose diet was temporarily suspended during the 2 week 

infection period and restarted for the remainder of the study along with a mild antibiotic 

treatment. The control group used was mice treated with a hyper-glucose diet instead of 

mannose. In vitro PAO1 binding study showed no therapeutic effect of glucose when IB3 cells 

were grown in rich glucose media (Figure 4-2). An additional note is that the mannose and 

glucose treated drinking water was changed daily. 

Clearing the airway prior to controlled infection  

Enterobacter is a common pathogen that infects the airway of mice. It is vital to clear the 

majority or all of this pathogen as well as other pathogens from the airways prior to the 

controlled infection of P. aeruginosa. An aggressive antibiotic treatment was started at WK –2 

and continued for two weeks. This aggressive antibiotic treatment was stopped at the beginning 

the bacterial infection period. This antibiotic mixture consisted of 400ug/ml of nitrofuratoin, 200 

ug/ml ampicillin and 100 ug/ml of gentimicin and was delivered through the drinking water of 

the mice, which was changed daily.  
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Controlled infection of P. aeruginosa 

The selection of a strain of P. aeruginosa that will be optimal for establishing an infection 

in the lung of Whitsett mice is vital. Establishing colonization in the lung of CFTR deficient 

mice rarely occurs naturally. Therefore, a pragmatic approach to selecting the correct bacterial 

strain is necessary. The flagella of P. aeruginosa has a cap protein, FliD that strongly attaches to 

mucins in the airways. Mucin production in the mouse lung is minimal in comparison to mucin 

production in humans, which constrains the ability of Pseudomonas to colonize the lung of mice. 

Therefore, it was necessary to use a P. aeruginosa strain that was more virulent. This lead to the 

suggestion of using of a mucoid strain of Pseudomonas because of the low motility characteristic 

of mucoid strains as well as the increased production of polysaccharides, which enhances 

bacterial attachment and microcolony formation in the airway of mice. The mucoid strain used 

was isolated from a CF patient in Europe that was sent to use from Niels Hoiby at the University 

of Denmark. Unfortunately, this strain has not been thoroughly characterized but increased 

bacterial burden was observed in the lung of Whitsett mice infected by nasal administration 

compared to C57/Bl6 mice (76). 

The mice were infected for two weeks with 5.07 mucoid CFU in 250 mL of drinking water 

with 5mM MgCl to prevent the bacteria from bursting in a hypotonic solution and an antibiotic 

mixture of 400ug/ml of nitrofuratoin / 200 ug/ml of ampicillin. Pseudomonas is naturally 

resistant to many antibiotics including nitrofurantoin and ampicillin. Following the two weeks of 

infection, the infection was stopped and the mild antibiotic treatment of 400ug/ml of 

nitrofuratoin and 200 ug/ml of ampicillin was continued for the remainder of the study. 
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 Data Collection 

Data was continually collected during the course of the study to measure the bacterial 

burden in the upper airways and to monitor the health of the mice. The idea was that the mucoid 

strain would develop microcolonies of bacterial aggregates that quickly develop into a biofilm 

and enhance colonization. Attached bacteria have limited motility through the use of the Type IV 

pili and the swarming motility of the flagella when attached to a solid or semi-solid surface. 

These properties of the P. aeruginosa encourages the spread of microcolonies which can lead to 

bacterial colonizing in the oropharynx; the most distal part of the airway in relation to the lung. 

The oropharynx is accessible for repeat culturing of the bacteria by throat swabs to measure the 

bacterial burden in the upper airway. To monitor the health of the mice were weighed weekly. 

Sick mice will present with weight loss while healthy mice will maintain their optimal weight 

and possibly gain weight.  

The oropharynx swabs were taken weekly starting at Day 0 (the first day of infection) 

using 1mm calcium alginate swabs while the mice where under 3% isoflurane anesthesia. The 

cultured alginate swab was placed in a 14ml culture tube with 1ml of sterile tryptic soy broth. 

The bacterial content from the alginate swab was determined by counting the amount of bacterial 

CFU after plating a 1:10 and 1:30 dilution of the bacterial suspension from the alginate swab in 

the tryptic soy. Non-antibiotic tryptic soy plates and plates with 100 ug/ml of ampicillin were 

used to for plating the bacteria. The non-antibiotic plates were used to determine whether other 

bacterial pathogens were in the airway by differences in colony morphology as well as 

comparing the bacterial content on the non-antibiotic plates to the ampicillin plates. If there was 

ampicillin sensitive bacteria in the airway there would have been an increase in bacterial content 

on the non-antibiotic plates.  
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Unfortunately, the most anticipated endogenous bacterial contaminant, Enterobacter, was 

resistant to ampicillin. It was necessary to determine whether Enterobacter was present in the 

airway. Fortunately, the Enterobacter colony morphology is noticeable different than P. 

aeruginosa colony morphology after overnight growth at 37°C. Pseudomonas colonies are very 

tiny and white, while the enterobacter colonies are very large with a yellowish tint. Additionally, 

P. aeruginosa colonies will become blue by cytochrome C oxidation of α-naphtol in 95% 

ethanol in the presence of N,N-dimethyl-p-phenylenediamine as performed by the Gaby-Hadely 

oxidase procedure from Sigma™ providing a great screening method to measure only P. 

aeruginosa. The first step of this screening procedure was to transfer the colonies onto a 9 cm, 

low flow, Whatman filter paper from Fisher Scientific ™. The Whatman filter paper with the 

transferred colonies was immersed in a small volume Gaby-Hadely Oxidase Solution A and B 

mixture from Sigma™. The final volume of the solution was 1ml with a 1:1 mixture of solution 

A and B. This 1ml solution was added to the top portion of a 9 cm bacterial culture plate and the 

side of the Whatman paper that does not have the colonies was placed on top of the solution in 

the dish. This procedure allows the oxidase solution mixture to flow slowly to the side of the 

Whatman filter paper with the colonies and turn the Pseudomonas colonies blue. Finally, the P. 

aeruginosa colonies can be counted with great confidence to accurately determine the 

Pseudomonas burden in the oropharynx.  

On the sacrifice date, 8 weeks after the first day of controlled infection with the mucoid 

strain, the lungs and trachea were collected for an array of end point experiments. One lung of 

the mouse has three equal lobes and the other lung is one large lobe. The larger lobe was fixed in 

10% formalin, transferred to 70% ethanol and then embedded in paraffin for future 

histochemistry analysis. One small lobe of the other lung was used for homogenization to 
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determine the bacterial burden and to isolate mouse genomic DNA for Real-Time PCR to 

determine the total number of AAV5 vector genomes present in the genomic DNA from the 

lung. Another small lobe was used to get a lung cell suspension to determine the N-glycosylation 

profile by FACS analysis with FITC conjugated lectins. The third small lobe was preserved in 

RNAlater solution from Ambion™ and stored at -80°C for the possibility of future analysis of 

mouse MPI mRNA content using Sybr Green Technique. The trachea was divided into two 

sections. The section most distal from the lung was used for homogenization to determine 

bacterial burden in the upper airway. The lower half was fixed in 10% formalin, transferred to 

70% ethanol and embedded in paraffin for future histochemistry analysis. 

Results 

 Bacterial Burden in the Oropharynx 

Oropharynx cultures were taken weekly to determine bacterial burden in the upper airway. 

The bacterial burden directly from the trachea and lung cannot be analyzed in live mice without 

the use of severally invasive procedures that will constrain the ability for repeat sampling. In 

order to see a true clearance trend the bacterial burden was monitor over the course of many 

weeks. The data collected from the oropharynx swabs was used to develop an 8 week trend to 

determine the clearance capacity of untreated Whitsett mice (AAV5-GFP) compared to treated 

Whitsett mice (AAV5-mMPI). Six mice where used in the control and treatment group utilizing 

the rAAV5-mMPI therapy and four mice where used in the control and treatment groups 

utilizing the Hyper-Mannose diet therapy. These groups of mice were enough to generate 

statistically significant data from the oropharynx swabs. Using a one-way anova statistical test 

there was a significant increase in bacterial load from the untreated Whitsett mice (AAV5-GFP 
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or Glucose) compared to the treated Whitsett mice (AAV5-MPI or mannose) (Figure 4-3 and 4-

4). 

Weight Loss/Gain Trend in Treated and Untreated Whitsett Mice 

Weight loss data over the course of an in vivo study is critical to determine the health of the 

mice. The mice were infected over a 2 week period with a virulent mucoid strain of P. 

aeruginosa that has previously caused premature death in CFTR deficient mice (76). Monitoring 

the health of these infected mice by weight loss is a valid data point that mimics the failure to 

thrive phenotype in CF patients. Weekly weight data was collected over the course of both 

rAAV5 and mannose studies. Using a one-way anova statistical test there was a significant 

weight loss from the untreated Whitsett mice (AAV5-GFP or Glucose) compared to the treated 

Whitsett mice (AAV5-MPI or mannose) (Figure 4-5 and 4-6).  

Bacterial Burden in the lung and Trachea 

On sacrifice day a portion of the mouse lung and trachea was homogenized, diluted and 

then plated for colony formation overnight as previously described in the oropharynx swab data 

analysis. This provided an accurate measurement of the bacterial burden in the lung and trachea 

after a 6 week clearance period that followed the last day of controlled infection with the P. 

aeruginosa mucoid strain. There was double the amount of bacteria in both the lung and trachea 

isolated from the control groups (AAV5-GFP and glucose) compared to the experimental groups 

(AAV5-MPI and mannose) but this difference was only statistically significant in the tracheas 

(Figure 4-7, 4-8, 4-9 and 4-10). Additionally, a table was prepared to show what percentage of 

the lungs with in a given study group had bacterial burden from the controlled infection. In the 

AAV5-GFP / AAV5-MPI study group the 83% of the GFP mice had bacteria in the lungs 
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compared to 50% of the MPI mice. In the glucose / mannose study, 75% of the glucose mice had 

bacteria in the lungs compared to 50% of the mannose mice (See table 4-1). 

AAV5-pTR2-CB Vector Genomes in the Lung Tissue 

Previously, a small piece of lung tissue was homogenized to determine the bacterial burden 

of the lung. The volume of homogenate was 1mL and only 100ul was used to determine the 

bacterial burden. The remaining 900ul was used for genomic DNA extraction to determine the 

total amount of vector genome present in 500ng of mouse gDNA and to make an estimation of 

the amount of vectors genomes present in each cell based on the estimation that there is roughly 

6 picograms of DNA in each cell (the total amount of genomes will be from roughly 83,000 

cells).  

Extracting DNA from the lung homogenate 

The Qiagen DNeasy ™ extraction kit was used to isolate the total gDNA from the mice 

lung homogenates. First, 200ul of ATL™ tissue homogenization buffer and 20ul of proteinase K 

solution was added to the remaining 900ul of the lung homogenate and incubated overnight at 

55°C overnight shaking at 1200 RPM in a thermomixer from Eppendorf™. After complete 

homogenization, 200ul of AL™ cell lysis buffer and 200ul of 100% ethanol was added and 

vortexed immediately. This mixture was added to the DNA isolation column that uses a low pH 

membrane to collect the DNA. The elution buffer is a high pH that allows for the isolation of the 

DNA collected on the membrane. A 200ul volume of DNA was obtained at roughly 25ng/ul 

concentration. These samples were used to analyze the amount of vector genomes in 500ng of 

DNA.  
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Real-Time TAQMAN PCR to analyze vector genomes in genomic DNA from the lungs 

The toxicology core directed by Thomas Conlon PhD at the University of Florida 

performed the TAQMAN PCR to determine the total amount of vector genomes in 500ug of 

gDNA isolated from the mice lungs treated with AAV5-CB viral vector and a lung from the 

mannose treated mice as a negative control. TaqMan real-time PCR is one of the two types of 

quantitative PCR methods. TaqMan uses a fluorogenic probe that is a single stranded 

oligonucleotide of 20-26 nucleotides and is designed to bind only to the DNA sequence between 

the two PCR primers. Therefore, only specific PCR product can generate fluorescent signal in 

TaqMan PCR. To do TaqMan PCR, besides reagents required for regular PCR, additional things 

required are a real-time PCR machine, two PCR primers with a preferred product size of 50-150 

bp, a probe with a fluorescent reporter or fluorophore such as 6-carboxyfluorescein (FAM) and 

tetrachlorofluorescin (TET) and quencher such as tetramethylrhodamine (TAMRA) covalently 

attached to its 5' and 3' ends, respectively.  

The CBA (chicken beta actin) promoter is the target for the sequence specific probe and 

primers. The CBA promoter is used for expression of the recombinant mouse MPI or GFP within 

the viral genome of the AAV5 viral vector. The CBA is not an endogenous mouse promoter so 

the detection signals from TAQMAN real-time PCR analysis will be from the vector genome 

within genomes DNA isolate from the mice lungs.  The Primer sequences were: Forward primer:  

5’-CATCTACGTATTAGTCATCGCTATTACCA-3’ and the Reverse primer: 5’-

CCCATCGCTGCACAAAATAATTA-3’ and the probe sequence was 5'-(FAM)-TCA 

GAGCTGCAGTGACCCCGGGAAG-(TAMRA)-3'. 

The toxicology core did TAQMAN real-time PCR analysis using the ABI PRISM™ 

Sequence Detection Systems 7900. This uses real-time laser scanning coupled with a fluorogenic 
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probe that enables quantification of large number of amplified products rapidly and accurately. 

Quantification of the number of vector genomes is based on serial dilutions of a cloned 

equivalent of the target sequence. In this case the pTR2-CB-mMPI plasmid was used to develop 

the standard curve. This collected data was used to determine the total amount of vector genomes 

in 500ng genomic DNA. More importantly, with this data, an estimation of the total amount of 

vector genomes per cell could be determined. This data no detectable levels of vector genomes in 

the control lung tissue sample while the lung tissue transduced with AAV5-GFP or MPI had 

levels ranging from 1.05 to 3.55 (Figure 4-11 and Table 4-2). 

Sybr Green Analysis of MPI mRNA From the Lungs of Transduced Whitsett Mice 

The methods used to isolate total mRNA, convert to a total cDNA profile and specifically 

amplify MPI for real-time PCR analysis using Sybr green was previously described in Chapter 3. 

This same method was used to in this mouse study. To ensure that mRNA stability from the 

collected lung tissue one of the small lobes from the lung was suspended in 2 ml of RNAlater 

solution from AMBION™ and stored at –80°C until mRNA extraction was performed.  

The Sybr green analysis would provide data used to calculate any fold changes in MPI 

mRNA expression when comparing lung tissue from the AAV5-MPI and AAV5-GFP transduced 

Whitsett mice (Figure 4-12). 

N-glycosylation Abnormality Analysis in Lung Cell Suspensions 

Lung cell suspensions were collected from one of the small lung lobes that were removed 

from the mice during sacrifice. The lung cell suspensions collected could be used to determine if 

the same N-glycosylation trend and correction in the in vitro studies occurred in the in vivo 

study. FACS analysis of the lung cell suspensions after incubation with the FITC conjugated Con 

A and WGA lectins was done to determine the N-glycosylation profile of the lung cell 
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suspensions from the control and experimental groups in the MPI and Mannose treatment 

studies. The FITC WGA and Con A binding percentages were increased from the AAV5-mMPI 

and Mannose treated mice compared to the AAV5-GFP and glucose control treatment. The 

WGA showed a 1.6 fold increase from the AAV5-mMPI and a 1.8 fold increase from the 

mannose treated mice. Although there was a trend of increased binding from the Con A lectin, 

this increase was not statistically significant (Figures 4-13 and 4-14). 

Pathology Analysis 

All procedures besides the collection of the lung and fixing in formalin were performed by 

Martha Campbell-Thompson PhD. and Amy Wright MS from the University of Florida 

pathology core. We collected one full lung from each mouse for the purposes of 

immunohistochemistry. This lung was placed in a tissue cassette and fixed in 10% formalin for 

24 hours than incubated in a series of ethanol baths.  After 24 hours the fixed tissue was placed 

in 50% ethanol for 45 mins, transferred into 70% ethanol for 45 mins, transferred to 95% ethanol 

for 45 mins and transferred into 100% ethanol for 45 mins. This series of ethanol incubations 

was done to dehydrate the fixed lung tissue.  

The dehydrated tissue was transferred to Xylene for 45 min. This step was repeated twice 

by transferring the tissue to fresh Xylene to removed ethanol. Next the tissue was added to 

melted paraffin at 60°C for 6 hours. The molten paraffin was changed and incubated for 12 hrs 

then the tissue infiltrated paraffin was finally embedded into a block of paraffin. 5 uM-thick 

paraffin sections were attached to glass slides and were progressively and sequentially dipped 

through a series of reagents to prepare for staining. The sections were deparaffinized with xylene 

for 60 seconds. The xylene was removed by six dips in 100% ethanol. 
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Hematoxylin-eosin (H&E) staining  

H&E staining is a common method for staining cells based. Typically the cytoplasm is 

stained red with the eosin and the nucleus is stained dark blue with hemotoxylin. Additonally, 

red blood cells are stained bright red so the presense of red blood cells in the tissue sample is 

easiliy decteable. For our purposes we are interested in how H&E staining can show 

inflammation in the lung. Eosinophils and basophils are acid loving white blood cells. The 

infiltration of these cells into tissue indicates inflammation. Fortunately, because of the high acid 

levels within the cytoplasm these cells stain dark blue and are easily detectable in H&E staining. 

It was previously mentioned that we had two different therapeutic groups with there 

respective controls to determine treatment of the bacterial clearance deficiency in the CFTR 

deficient Whitsett mice. The first therapeutic treatment was intra-tracheal delivery of AAV5-

mMPI with AAV5-GFP as a negative control. There were six Whitsett mice in each group. The 

other treatment group was 5mg/ml of mannose delivered in the drinking water with 5mg/ml 

glucose as a neagtive control. Four Whitsett mice were used in each group for this therapeutic 

study. H&E staining was used to determine the levels of inflammation in the lungs due to the 

increase of mucoid bacteria in the lung (Figure 4-15 – 4-17). Additionally, these H&E stained 

lung sections were scored for inflammation by a trained pathologist; Martha Campbell-

Thompson PhD and the percent and severity of focal inflammation as well as the percent of 

bronchiestasis were judge. (Table 4-3 and Table 4-4). 

Staining GFP in treated lungs to determine transduction efficiency of AAV5 viral vector  

We previously described the procedure to mount embedded lung sections onto the slides 

for staining the GFP levels in the lung. We had 12 lungs that were transduced with the AAV5 

viral vector; six of which were transduced with AAV5-GFP. The first step to antibody staining of 
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GFP in the lung is antigen retrival (GFP) from the lungs section mounted to the slides. There are 

several methods to retrieve the trageted antigen for detection. The pathology core utilized a 

TRIS-EDTA buffer (10mM Tris Base, 1mM EDTA Solution, 0.05% Tween 20, pH 9.0) to break 

protein cross-links from formalin fixing to expose the antigens for selective detection using a 

specific antibody for GFP. Unfortunately, the MPI antibody is not commercially available and 

we were not able to acquire more from our previous source for MPI immunohistochemistry 

staining in the lung sections for mouse MPI.  

After the antigen retrieval, all twelve lungs sections were stained first with a rabbit anti-

GFP antibody than with the secondary antibody anti-rabbit IgG conjuagte with horse-radish 

peroxidase (HRP). Developed HRP is stained brown so GFP labeling in lung sections will be 

visuable. We anticipated that the AAV5-GFP treated mice lung sections will stain while the 

AAV5-mMPI treated mice lung sections will not be stainined (Figure 4-16).  

 

Figure 4-1. Mouse MPI Western blot analysis of untreated IB3 cells and IB3 cells transfected 
with pTR2-CB-mMPI vector. 
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Figure 4-2. Glucose and mannose treatment of IB3 cells to ensure that Glucose does not correct 
PAO1 binding deficiency. 
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Figure 4-3. Total amount of the mucoid strain CFU collected from the oropharnyx swabs for 
the assessment of a bacterial clearance trend from the control group (GFP) or 
experimental group (MPI) of mice transduced by rAAV5-GFP or rAAV5mMPI 
viral vector by IT delivery. 6 total mice used; p value < 0.05 using one-way anova 
with repeat sampling.  
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Figure 4-4. Total amount of the mucoid strain CFU collected from the oropharnyx swabs for 
the assessment of a bacterial clearance trend from the control group (High Glucose 
Diet) or experimental group (High Mannose Diet) of mice transduced by rAAV5-
GFP or rAAV5mMPI viral vector by IT delivery. 4 total mice used; p value < 0.05 
using one-way anova with repeat sampling. 
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Figure 4-5. Weight change data used to determine any weight loss trends from the control 
(GFP) or experimental (MPI) group during and after the controlled infection period 
with the mucoid strain. 6 total mice used; p value < 0.05 using one-way anova with 
repeat sampling. 
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Figure 4-6. Weight change data used to determine any weight loss trends from the control 
(High Glucose Diet) or experimental (High Mannose Diet) group during and after 
the controlled infection period with the mucoid strain. 4 total mice used; p value < 
0.05 using one-way anova with repeat sampling. 
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Figure 4-7. Total amount of mucoid CFU in the lung to determine bacterial load from mucoid 
infection 6 weeks after the last day of infection in efforts to assess any clearance 
deficiency in treated (MPI) or untreated (GFP) CFTR deficient mice using rAAV5-
mMPI or rAAV5-GFP respectively. 
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Figure 4-8. Total amount of mucoid CFU in the trachea to determine bacterial load from 
mucoid infection 6 weeks after the last day of infection in efforts to assess any 
clearance deficiency in treated (MPI) or untreated (GFP) CFTR deficient mice 
using rAAV5-mMPI or rAAV5-GFP respectively. 
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Figure 4-9. Total amount of mucoid CFU in the lung to determine bacterial load from mucoid 
infection 6 weeks after the last day of infection in efforts to assess any clearance 
deficiency in treated (Mannose diet) or untreated (Glucose diet) CFTR deficient 
mice. 
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Figure 4-10. Total amount of mucoid CFU in the trachea to determine bacterial load from 
mucoid infection 6 weeks after the last day of infection in efforts to assess any 
clearance deficiency in treated (Mannose diet) or untreated (Glucose diet) CFTR 
deficient mice. 
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Figure 4-11. Vector genomes from 500ng of genomic DNA isolated from mouse lung tissue 
transduced with either AAV5-GFP or AAV5-mMPI or an untransduced lung as a 
negative control. 
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Figure 4-12. Sybr green real-time PCR analysis of MPI mRNA extracted from lungs collected 
from the mice transduced with AAV5-MPI and AAV5-GFP 
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Figure 4-13. FITC conjugated Lectin analysis by FACS to determine N-glycosylation profile in 
control (AAV5-GFP) or therapeutic (rAAV5-MPI) lung cell suspensions using Con 
A and WGA. 
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Figure 4-14. FITC conjugated Lectin analysis by FACS to determine N-glycosylation profile in 
control (Glucose diet) or therapeutic (Mannose diet) lung cell suspensions using 
Con A and WGA. 
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Figure 4-15.  H&E staining to judge inflammation in the lungs of Whitsett mice treated with 
AAV5-GFP (control) or AAV5-mMPI. 
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Figure 4-16. H&E staining to judge inflammation in the lungs of Whitsett mice treated with 
5mg/ml of mannose or 5mg/ml of glucose (control). 



 

112 

Table 4-1. The percentage of lungs with in the given study groups with detectable P. 
aeruginosa mucoid strain for analysis of a clearance deficiency. 

Treatment Group % of lungs with detectable levels of bacteria 

GFP (Control) 83 

MPI (therapeutic) 50 

Glucose (control) 75 

Mannose (therapeutic) 50 

 
Table 4-2. Estimated viral genome copies per transduced mice lung cells. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AAV5-MPI 
Treated Mice 
N=6 

AAV5-GFP 
Treated Mice 
N=6 

Treatment  Estimated Vectors 
Genomes per Cell 

3 copies 1 copies 
2 copies 4 copies 
5 copies 4 copies 

2 copies 2 copies 
4 copies 1 copies 
4 copies 3 copies 
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Mannose Treated 
Mice N=4 

Glucose Treated 
Mice N=4 

Treatment  Inflammatory Rankings 
By H&E staining

% NONE:        50 
% Bronchiectasis       0 
% Mild Focal Inflammation only: 25 
% Severe Focal Inflammation:     25 

% NONE:        25 
% Bronchiectasis       50 
% Mild Focal Inflammation only: 0 
% Severe Focal Inflammation:     75 

AAV5-MPI 
Treated Mice 
N=6 

AAV5-GFP 
Treated Mice 
N=6 

Treatment  Inflammatory Rankings 
By H&E staining 

% NONE:        50 
% Bronchiectasis       33 
% Mild Focal Inflammation only: 50 
% Severe Focal Inflammation:      0 

% NONE:        17 
% Bronchiectasis       33 
% Mild Focal Inflammation only: 50 
% Severe Focal Inflammation:     33 

Table 4-3. Inflammatory rankings by H&E staining of lung sections from mice treated with 
AAV5-mMPI or AAV5-GFP (Control).  

 
Table 4-4. Inflammatory rankings by H&E staining of lung sections from mice treated with 

5mg/ml of mannose or 5mg/ml of glucose (Control). 
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CHAPTER 5 
 DISCUSSION 

Defective Bacterial Clearance is a Hallmark Symptom in the CF Lung 

This study focused on the bacterial clearance deficiency that results from a CFTR defect. 

The work from this study was directed to the possibility of a novel factor involved in this 

bacterial clearance defect that has not been previously pursued. Abnormal glycosylation related 

to terminal residues changes has been the focus of attention for this bacterial clearance defect. 

This abnormal global N-glycosylation profile from the membrane bound glyco-proteins is a 

potential target for treatment of the defect in bacterial clearance seen in almost all cystic fibrosis 

patients. 

MPI is Involved in Global Abnormal Glycosylation 

Mannose-6-phosphate mRNA is down regulated in the IB3 CFTR defective cell line 

compared to the CFTR corrected S9 cell line. This defect was confirmed by western blot of MPI 

in uncorrected IB3 cells and S9 cells (Figure 3-6). This figure shows a faint MPI band from the 

S9 cell line compared to no detectable band using the protein dilutions previously described. 

This indicates that there is an increase in the amount of MPI protein in the S9 cell lines compared 

to the IB3 cells lines. A severe global N-glycosylation reduction occurs in the mpi deficient 

homozygous disease; Congenital Disorder of Glyocsylation 1b. It was demonstrated that a down 

regulation of MPI in IB3 cells can cause a significant decrease in the N-glycosylation profile and 

that this decrease can be corrected by transfection with pTR2-CB-hMPI or pTR2-CB-Δ264CFTR 

or with a mannose rich media (See Figure 3-8 and 3-9). Additionally, transfecting the S9 cell line 

with pTR-U6-CFTRsiRNA plasmid resulted in a significant decrease in the N-glycosylation 
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profile. These data indicate that the N-glycosylation deficiency in the IB3 cell line is dependent 

on CFTR expression and correction of this deficiency can occur independent of CFTR correction 

by correcting the MPI deficiency by MPI transfection or by supplementing the MPI deficiency 

using a hyper-mannose treatment.  

Mannose is a sugar that can be converted directly to mannose-6-phophate independent of 

MPI by direct phosphorylation by hexokinase. A Hyper-mannose diet treats the Congenital 

Disorder of Glycosylation 1b caused by MPI defect. This provides promise that a non-invasive 

treatment by mannose diet may provide correction of the bacterial clearance defect in CF.  

Reduced Bacterial Adhesion is Linked to N-glycosylation Deficiency 

Several glycosylation residues are common adhesion molecules for P. aeruginosa. These 

in vitro studies show the common P. aeruginosa laboratory PAO1 strain binds with less 

efficiency to the IB3 cells compared to the S9 cells and this defect can be corrected by 

transfection with pTR2-CB-hMPI or pTR2-CB-Δ264CFTR and treatment with mannose rich 

media (see Figure 3-11, 3-12 and 3-13). Additionally, the PAO1 bacterial adhesion to S9 cells 

was blocked in a dose dependent fashion by a pre-incubation of the WGA and Con A lectins, 

which preferentially bind to N-glycosylation subunits (see Figure 3-14).  Bacterial adhesion is 

the critical first step in host cellular clearance by programmed cell death to clear intra-cellular 

bacteria. This demonstrates that the N-glycosylation profile on the epithelial cell surface plays a 

role in adhesion of P. aeruginosa and when there is a N-glycosylation deficiency there is a 

deficiency in bacterial binding. Finally, correction of the IB3 deficiency was successful by 

reversing the MPI deficiency, the CFTR deficiency or providing a hyper-mannose treatment to 

supplement the MPI deficiency independent of MPI. The S9 CFTR corrected cell line was 

produced by adenoviral vector with a normal human CFTR transgene of the IB3 cell line 
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followed by clonal expansion to establish a stable cell line. To ensure that the lack of bacterial 

binding deficiency in the S9 cell compared to the IB3 cell was not due to the clonal expansion 

procedure S9 cells were treated with an hCFTR siRNA to knockdown CFTR expression. This 

treatment was successful in reverting the stable corrected S9 cell line to the IB3 state (Figure 3-

24). 

These data indicate the first step in the bacterial clearance mechanism by host cellular 

death is deficient in the CFTR defective IB3 cell line and this defect is coordinated by an MPI 

deficiency with in the IB3 cell line. Additionally, the binding deficiency can be corrected by 

gene augmentation of either CFTR of MPI but more importantly it also indicates that this 

deficiency can be corrected by mannose supplement independent of gene augmentation. 

Therefore, correcting a glycosylation abnormality in the IB3 cell line will correct a deficiency in 

the first stage of bacterial clearance by host cellular death. With this revelation, there is hope the 

further stages of bacterial clearance are deficient in the IB3 cell and can be corrected by directly 

treating the N-glycosylation deficiency.   

Bacterial Ingestion Defect is Linked to Abnormal N-Glycosylation 

Bacterial clearance by intra-cellular ingestion and programmed host cellular death has 

previously been demonstrated in epithelial cells (77,78). This mechanism of bacterial clearance 

was the focus of our study. The theory that airway epithelial cells play a role in bacterial 

clearance by bacterial binding, ingestion and subsequent cellular death by desquamation was 

thoroughly researched in this dissertation. Reliable experiments were developed to research 

bacterial ingestion and clearance by host cellular death. It was discovered that the CFTR 

defective and MPI deficient IB3 cell line is hindered in this mechanism to clear bacteria 

compared to the CFTR corrected S9 cell line. The CFTR corrected S9 cells show an average 2 
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fold increase of ingested PAO1 compared to IB3 cells (Figure 3-15 to 3-20). The role of MPI in 

this mechanism by correcting the IB3 cells with the pTR2-CB-hMPI transfection plasmid was 

confirmed (3-15, 3-18). Additionally, it was further observed that a dose dependent IB3 

correction by growing the IB3 cells in a range of mannose concentrations (Figure 3-17, 3-20). 

Finally, correcting the IB3 cells by transfecting the cells with the pTR2-CB-Δ264CFTR vector 

for corrected the CFTR deficiency in IB3 cells (3-16, 3-19).   

The most important step of this in vitro project was analysis of the bacterial load in the 

airway epithelial cells after a clearance period. Focusing on this step revealed a concerning detail 

in the CFTR deficient IB3 cells; the amount of bacterial CFU in the IB3 cells doubled after the 4 

hour clearance period while the bacterial load decreased in the S9 cell line after the same 

clearance period. This physiology deficiency has been previously observed in CFTR deficient 

macrophages. After bacterial ingestion by the CFTR deficient macrophage occurs the bacteria 

continues to survive and replicate with in the cytoplasm of the macrophage (79). To account for 

this clearance deficiency in IB3 cells the clearance by host cellular death was targeted as a 

mechanism. This pursuit demonstrated that the IB3 cells are deficient in host cellular death after 

bacterial infection using the 7AAD large molecule nucleic acid stain as a marker for 

programmed cell death (Figure 3-21, 3-22, 3-23 and 3-27). Further, the correction was achieved 

by a MPI or CFTR transfection treatment or a hyper-mannose treatment by restoring the bacterial 

clearance capabilities of the IB3 cells by increasing host cellular death and by reducing the intra-

cellular PAO1 after the 4 hr clearance period (Figure 3-15 to 3-23).  

The final step was the treatment of CFTR siRNA in S9 cells to ensure that S9 cells were a 

suitable wild-type control to establish a normal phenotype. Bacterial adhesion, ingestion and 

subsequent clearance by host cellular death were the targets for this project. Knocking down the 
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CFTR transcripts in the S9 cells was pursued to establish a proposed link between CFTR and 

bacterial adhesion, ingestion and subsequent clearance by host cellular death and that CFTR 

deficiency indeed leads to a defect in bacterial clearance. siRNA treatment of hCFTR in S9 cells 

showed a deficiency in bacterial ingestion, bacterial clearance after the 4 hour clearance period 

and host-cellular death (Figure 3-25 to 3-27). 

In-vitro Conclusions 

These data confirm the theory that the N-glycosylation deficiency in the IB3 cell line has a 

direct bearing on the bacterial clearance capability of these cells by host cellular death indicating 

the possibility of a predisposition to bacterial colonization do to the CFTR deficiency. 

Additionally, it can be confirmed that directly targeting the CFTR deficiency in the IB3 cells as 

an area of treatment is viable, but more importantly targeting only the N-glycosylation deficiency 

independent of MPI or CFTR gene augmentation is also viable as a therapeutic avenue. 

To confirm the proof of concept, the MPI expression levels where increased in the CFTR 

corrected S9 cells compared to the IB3 cells. Additionally, transfecting the IB3 cells with either 

pTR2-CB-hMPI or pTR-CB-Δ264CFTR increased the mRNA levels of MPI and CFTR 

respectively. Moreover, CFTR gene augmentation resulted in a modest increase of MPI 

expression. Finally, siRNA treatment of CFTR in the S9 cell line indeed resulted in a significant 

decrease of CFTR transcripts along with a significant decrease in the MPI transcripts compared 

to untreated S9 cells (Figure 3-29 and 3-30).    

In-vivo Studies  

Establishing bacterial colonization in the airway of CFTR deficient mice has been 

problematic but essential to test therapies related to correcting the bacterial clearance deficiency 

in CF patients. Therefore, it was critical to develop a suitable mouse model to test the N-
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glycosylation involvement in bacterial clearance  in vivo. A low-grade colonization in the upper 

airways of Whitsett CFTR deficient mice was achieved when the Whitsett mice were treated 

with a non-therapeutic AAV5-GFP viral vector by intra-tracheal delivery or by giving a non-

therapeutic high-glucose diet. A virulent mucoid strain of P. aeruginosa isolate was used as the 

infecting bacteria after clearing the airways of any host infections to allow adequate attachment 

and growth of this mucoid strain. A partial correction of this mild colonization using the two 

different treatment groups previously described. As a reminder there was an intra-tracheal 

injection of the AAV5-mMPI viral vector and a non-invasive hyper mannose diet as therapies for 

the mild bacterial colonization of the P. aeruginosa mucoid stain. 

Bacterial load in the airways 

To establish a bacterial clearance trend in non-therapeutic Whitsett mice compared to 

therapeutic treatments, the bacteria load was analyzed in weekly oropharynx upper airway 

swabs, lung homogenates, and trachea homogenates. AAV5-mMPI intra-tracheal delivery and 

5mg/ml mannose in the drinking water were the two independent therapeutic treatments with the 

respective AAV5-GFP or 5mg/ml glucose controls. There was an increase in bacterial load in the 

lung homogenates, trachea homogenates and weekly oropharynx swabs in the non-therapeutic 

control Whitsett mice compared to the AAV5-mMPI or mannose treatments.  This increase was 

statistically significant in the trachea homogenates using a two-tailed, paired T-Test (Figure 4-8 

and 4-10) and in the weekly oropharynx swabs by a one-way anova with repeat sampling (figure 

4-3 and 4-4). Unfortunately, the difference was not significant in the lung homogenates (Figure 

4-7 and 4-9) but the data did indicate a trend towards increased lung bacteria in the non-

therapeutic Whitsett mice. This trend was verified by charting the percentage of lungs with in a 

given group had bacteria in the lungs. From this end point 50% of lungs from the AAV5-mMPI 
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treated mice had bacteria compared to 83% of lungs from the AAV5-GFP treated mice while 

50% of the lungs from the mannose treated mice had bacterial compared to 75% of the glucose 

treated mice (Table 4-1). These data clearly indicate the bacterial load in the airways in 

decreased by treating the assumed N-glycosylation deficiency in Whitsett mice directly. 

Additionally, an non-invasive treatment using hyper-mannose has the potential to be viable 

option in treating the bacterial clearance deficiency that plagues CF patients. Later reported data 

was used to verify that there was indeed an N-glycosylation deficiency in non-therapeutic 

Whitsett mice.   

Minor weight loss in uncorrected Whitsett mice 

The weight of these mice were measured weekly to monitor he health of the mice during 

the experiments. There was chronic weight loss in the control mice and with in the therapeutic 

mice there was an acute weight loss that restored to normalcy during the 6 week clearance period 

following the infection period.  This data indicates that there is an acute sickness that parallels 

the infection period but is ameliorated following the infection period in the therapeutic mice 

while this mild illness remains chronic in the control mice (Figure 4-5 and 4-6). 

N-Glycosylation abnormality of lung cell suspensions from control Whitsett mice  

The in vitro study revealed a clear N-glyocsylation deficiency in untreated CFTR deficient 

IB3 cells. The carry over of this deficiency to the in vivo studies using the Whitsett CFTR 

deficient mice was very encouraging. This optimism was confirmed by analyzing the lung cell 

suspension from therapeutic and control Whitsett mice by the analysis of FITC conjugated Con 

A and WGA. The AAV5-MPI and mannose treatment showed a trend of increased N-

glyocsylation by an increase of bound FITC conjugated Con A and WGA compared to AAV5-
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GFP and glucose treatment respectively. This difference was statistically significant using a two-

tailed, paired T-Test when analyzing WGA but not by Con A (Figure 4-13 and 4-14). 

Analysis of lung inflammation 

Typically, an increase in bacterial burden in the lung is paralleled by acute inflammation. 

The persistent lung infection in cystic fibrosis patients leads to chronic lung inflammation. With 

an established mouse model that can develop a mild bacterial colonization in the lung of 

untreated Whitsett mice it was possible to determine if this deficiency in bacterial clearance is 

associated with an increase of inflammation in the lung of non-therapeutic Whitsett mice. An 

increase in severe focal inflammation and bronchiectasis in the control Whitsett mice compared 

to the AAV5-mMPI or mannose treatment was observed: 40% of AAV5-GFP and glucose 

controls combined showed bronchiectasis compared to 10% or AAV5-mMPI and mannose 

treatment combined. Moreover, 50% of AAV5-GFP and glucose controls combined showed 

severe focal inflammation compared to 10% or AAV5-mMPI and mannose treatment combined. 

Finally, 50% of the mannose and AAV5-mMPI mice combined showed no focal inflammation in 

the lungs compared to 21% in the AAV5-GFP and glucose controls combined (Figure 4-15 and 

Figure 4-16; Table 4-2 and Table 4-3). 

Viral vector transduction efficiency 

Transduction efficiency is critical when performing gene therapy studies. It was necessary 

for to parallel the therapeutic correction compared to control treatment using the AAV5 viral 

vector with transduction of the delivered viral vectors. The viral vector leaves “it’s mark” in the 

lung cells were transduction has occurred. The AAV5 viral vector, after infection of the host cell, 

uncoats and the viral genome is released into the cytoplasm and persists largely as an episome. 

This viral genome “mark” can be tracked by specific real-time TAQMAN PCR amplification by 
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targeting a specific sequence within the recombinant viral vector genome unique to the mouse 

genome. In this study, the CBA promoter within the genome was targeted by TAQMAN PCR. 

There was a range of 1 – 5 vector genomes per cell from genomic DNA isolated from roughly 

83,000 cells (500ng). Additionally, 500ng of DNA isolated from a control (untransduced lung) 

showed only a background level of 200 vector genomes compared to an average of 200,000 

vector genomes from 500ng of DNA from transduced lungs (Table 4-2 and Figure 4-11). 

Additionally, the mRNA levels were significantly increased in the AAV5-mMPI treated Whitsett 

mice when compared to the AAV5-GFP mice (Figure 4-12). These data indicate that 

transduction of AAV5 viral vector with package MPI or GFP was successful and that the 

transduction with mMPI increased the levels of mRNA from genomic DNA from lungs.  

In-vivo Conclusions 

The first important discovery was the ability to develop a mild bacterial colonization 

model in CFTR deficient mice under control conditions. Using this mouse model a significant 

increase of bacterial burden in the upper airways of control CFTR deficient mice compared to 

therapeutic mice was observed. 78% of the non-therapeutic CFTR deficient mice had detectable 

levels of mucoid CFU in the lung compared to 41% in the therapeutic mice. This deficiency in 

bacterial clearance was coordinated by a N-glycosylation deficiency from analyzing the lung cell 

suspension. Correcting this N-glycosylation deficiency by MPI gene augmentation or by the non-

invasive mannose treatment, decreased the amount of bacteria recovered from the airways of the 

Whitsett mice. Finally, this correction of the bacterial clearance deficiency was paralleled by a 

decrease in lung inflammation. All, these data indicate that treating the N-glycosylation 

deficiency in CFTR deficient mice prevents a persistent infection in the lung and minimizes 

inflammation. Additionally, a non-invasive mannose diet independent of MPI gene augmentation 
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has therapeutic benefit. This novel study lays the foundation for future studies involving a non-

invasive treatment for cystic fibrosis.   
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