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Abstract 

 

Klebsiella pneumoniae is an opportunistic pathogen and a normal component of 

the host flora.  The aim of this project was to investigate mechanisms that determine 

mucosal tissue colonization and infection by K. pneumoniae.  In this study, a clinical 

respiratory isolate of Klebsiella pneumoniae, strain IA565, was found to be both non-

pathogenic in a murine model of bacterial pneumonia and unable to colonize the lungs 

even during extreme immunosuppressive conditions.  Strain IA565 was inoculated 

intranasally and intragastrically into immunocompetent and immunocompromised mice, 

germ-free mice, and mice with intestinal inflammation.  When strain IA565 was both 

intranasally instilled and orally gavaged into wild type mice, this strain stably colonizes 

and persists in the nares and GI tract.  Interestingly, intranasal inoculation of wild type 

(WT), germfree (GF), and severely immunocompromised mice with strain IA565 

displayed similar CFU levels in the nasal cavity.  Conversely, strain IA565 

gastrointestinal (GI) tract CFU levels in GF mice are significantly higher than in WT 

mice suggesting that, in the presence of the normal gut microbiota, IA565 growth is 

controlled and maintained at low levels.  In addition, mice with Citrobacter rodentium-

induced gut inflammation displayed no change in IA565 GI colonization, compared to 

WT mice, and no change in the disease outcome. However, DSS-treated mice displayed 

significantly higher levels of IA565 gut CFU compared to WT levels demonstrating that 

host mediated inflammation can alter microbial colonization.  Collectively, these data

 xiii



indicate that strain IA565 nasal cavity colonization can be achieved in 

immunocompetent, immunocompromised, and GF mice.  Thus, nasal cavity colonization 

is independent of host factors and the indigenous microbiota.  This is in contrast to IA565 

GI colonization where host factors mediating certain types of inflammation can alter CFU 

levels and absence of the gut microbiota leads to increased IA565 growth.  This study is 

the first to identify and describe mechanisms influencing the growth and behavior of a 

murine commensal organism.   
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Chapter I 

An Introduction to Klebsiella pneumoniae 

 

Clinical Significance 

Klebsiella pneumoniae is part of the family Enterobacteriaceae and is named 

after the 19th century German microbiologist, Edwin Klebs to honor his work in 

identifying the etiological cause of diptheria.  K. pneumoniae is a rod-shaped, gram-

negative bacterium most commonly encountered by physicians worldwide as a 

community-acquired and a hospital-acquired pathogen.  Unique biochemical 

characteristics that enable identification of this bacterium in clinical and environmental 

samples are production of urease and citrate, lack of ornithine decarboxylase and 

motility, inability to produce indole, and ability to ferment glucose and lactose. 

Community-acquired Klebsiella pneumonia is also called Friedländer’s 

pneumonia named after Carl Friedländer who identified K. pneumoniae as the cause of 

fatal cases of pneumonia in 1882.  Although K. pneumoniae is historically known as an 

important cause of community-acquired pneumonia, the incidence of these cases has 

significantly declined in the United States [1].  However, nosocomial K. pneumoniae 

pneumonia is still problematic with substantial morbidity and mortality. 

In the United States, urinary tract infections (UTIs) comprise about 30% of 

nosocomial infections, followed by pneumonia at 27%, and bloodstream infections at 

19%.  K. pneumoniae is responsible for about 4-8% of these cases continually ranking in
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the top 5 causative agents for each type of infection [2].  For nosocomial pneumonia, 

patients who are in the neonatal intensive care units, 65 years of age or older, and have 

severe underlying disease, immunosuppression, and/or cardiopulmonary disease are 

mostly at risk for K. pneumoniae infections [3, 4].   

Pulmonary K. pneumoniae disease is often complicated by multilobular 

involvement, formation of lung abscesses, and dissemination of bacteria from within the 

pulmonary airspace into the bloodstream [5, 6]; all of which are accompanied by the 

characteristic rapidly progressive clinical course. The lungs of these patients display high 

levels of necrosis, inflammation, and hemorrhage with the production of thick, bloody, 

mucoid sputum described as currant jelly sputum.  Factors associated with pulmonary 

colonization and establishment of pneumonia are depicted in Figure I.1.  These include 

mechanically assisted intubation, oral, tracheal and gastric colonization, and antibiotic 

therapy all leading to the development of respiratory disease. 

 K. pneumoniae respiratory infections have been complicated by the extensive use 

of broad-spectrum antibiotics in hospitals selecting for drug resistant strains that produce 

extended-spectrum β-lactamase (ESBL).  Thus, the emergence of ESBL producing K. 

pneumoniae strains limits therapeutic options contributing to the overall high mortality 

rates in these patients [6-9]. 
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Host Responses during Klebsiella pneumoniae Respiratory Infection 

The respiratory tract serves as one of the three interfaces between the host and the 

environment.  Therefore, the lung is equipped with complex and effective defense 

mechanisms for the rapid clearance of microbes from the respiratory tract.  The surface of 

the lung is protected by non-specific factors such as the barrier of the airway epithelium, 

the cough reflex, ciliary beat and mucus clearance.  In addition to these mechanical 

factors, highly complex cellular and non-cellular components of pulmonary innate 

immunity play a role in microbial clearance as well.   

 

Toll-like receptors (TLRs) 

 Toll-like receptors (TLRs), collectins (surfactant A and D and mannose-binding 

lectin), defensins, and complement are part of the non-cellular portion of the innate 

immune system.   TLRs are pattern-recognition receptors that are highly specific for 

conserved sequences on microbes known as pathogen-associated molecular patterns.  

TLRs are responsible for the initiation of host responses via the recognition of invading 

microbes.  Signaling through TLRs results in immune activation via the release of 

cytokines, chemokines and antimicrobial substances such as collectins and defensins 

[10].   

 TLR4 is responsible for recognizing lipopolysaccharide (LPS) and initiating early 

innate immune responses to this bacterial antigen.  Schurr et al. found that as early as 4 

hours post K. pneumoniae pulmonary challenge, mice increased lung expression of 

TLR4-dependent genes such as cytokines required for neutrophil activation and 

recruitment, the TLR adaptor protein, MyD88, growth factor receptors, and adhesion 
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molecules [11].  Their data suggested that rapidly induced expression of TLR4-related 

genes in response to bacterial challenge is important for clearance and host survival. 

 

Collectins 

 Collectins, members of the C-type lectin superfamily, are collagen-binding lectins 

responsible for recognizing and binding to sugar moieties on microbial surfaces to 

increase adhesion and phagocytosis by alveolar macrophages [12].  Surfactant protein A 

(SP-A) and D (SP-D) and mannose-binding receptors (MR) are collectins found in the 

respiratory tract and are believed to contribute to pulmonary innate immunity to K. 

pneumoniae [13].   

 SP-A and MR have been shown to recognize K. pneumoniae capsular 

polysaccharide [14].  In addition, SP-A increases phagocytosis of K. pneumoniae during 

respiratory infection by serving as a opsonin and by activating macrophages and thus 

increasing the activity of MR [15].  Similarly, SP-D, which is responsible for recognizing 

K. pneumoniae LPS [16], also promotes opsonization and phagocytosis of this organism 

during pulmonary infection [17, 18].  Thus clearance of this organism from the lung is 

dependent upon these collectins.   

 

Alveolar Macrophages, Neutrophils and Lymphocytes 

 Animal models have proven useful in identifying the specific host: pathogen 

interactions and crucial elements of lung innate defense during K. pneumoniae pulmonary 

infection. Utilizing a murine model of K. pneumoniae pneumonia, many different cell 

types and cytokines have been shown to play an important role in mediating lung 
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antibacterial host responses during K. pneumoniae infection.  Increased lung bacterial 

clearance and improved survival have all been attributed to the influx of 

polymorphonuclear cells (PMNs) into the lungs as well as to the action of resident 

alveolar macrophages during K. pneumoniae infection.   

 Resident alveolar macrophages (AMφs) are capable of eradicating invading 

organisms during low levels of microbial challenge.  When AMφ depleted mice are given 

sublethal doses of K. pneumoniae, 100% mortality is observed as well as increased 

bacterial burden in the lungs [19].  In addition, macrophage inflammatory protein-1 alpha 

(MIP-1α) is important for AMφ activation since MIP-1α deficient AMφs had a lower 

phagocytic index for K. pneumoniae compared to wild-type AMφs  [20].  However when 

AMφs are overwhelmed, such as during high microbial challenge or during exposure to a 

virulent organism, various cytokines and chemokines are produced to recruit and activate 

circulating neutrophils and monocytes to aid in microbial clearance.   

 Through studies done with the chemotactic cytokines, macrophage inflammatory 

protein-2 (MIP-2) and keratinocyte chemoattractant (KC), PMNs have been shown to be 

indispensable during K. pneumoniae pulmonary infection [21, 22].  Transgenic 

expression of KC decreases mortality and bacterial burden while increasing lung 

neutrophilic influx.  In vivo depletion of MIP-2 results in a significant decrease in 

neutrophil numbers and bacterial clearance.  Furthermore, γδ-T cells contribute to the 

survival of K. pneumoniae infected mice as well as the control of bacterial dissemination 

from the lung into the blood [23]. 
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Cytokines 

 In addition to the cytokines mentioned above, absence of interferon gamma 

(IFNγ), tumor necrosis factor alpha (TNFα), interferon-inducible protein 10 (IP-10), and 

interleukin(IL) -17, during pulmonary K. pneumoniae infection results in increased 

mortality and bacterial burden in the lungs [24-27].  This illustrates the important role 

proinflammatory cytokines play in mediating lung antibacterial host responses during K. 

pneumoniae infection.  In vivo neutralization of TNFα also reduced levels of lung PMNs 

suggesting a role for TNFα in neutrophil recruitment [24].  IL-10 is known to suppress 

the production of proinflammatory cytokines and inhibit microbicidal activities of 

macrophages and neutrophils.  Neutralizing IL-10 in K. pneumoniae infected mice 

deceased mortality and lung bacterial burden aiding the host in pulmonary clearance and 

long term survival suggesting the dampening effects of IL-10 had on innate immunity 

[28].  TNFα, MIP-2 and MIP-1α levels in the lungs of IL-10 depleted mice were above 

wild-type levels confirming the beneficial effects these cytokines elicit during K. 

pneumoniae infection.  However, no increase in neutrophil recruitment was observed in 

those mice [28].  Interestingly, IFNγ KO infected mice displayed higher amounts of lung 

IL-10 further suggesting that IL-10 downregulates the immune response exacerbating the 

disease in these mice [25].  

 Thus cytokines are not only important for amplifying the host defense against 

invading microbes, a balance of type 1 and type 2 cytokines have been shown to 

modulate the intensity of innate immunity and to polarize and transition from innate 

immunity to adaptive immunity [29]. 
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Virulence Factors 

K. pneumoniae contains several well studied virulence factors that include 

capsular polysaccharide, lipopolysaccharide, type 1 and type 3 fimbriae, and siderophores 

depicted in Figure I.2 (adapted from [30]). 
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Capsular Polysaccharide 

Most clinical isolates of K. pneumoniae are encapsulated with a thick complex of 

acidic polysaccharide structure comprised of repeating 4-6 sugar subunits.  Capsular 

polysaccharides (CPS) have been classified into 77 serological types, termed K-antigens.  

The presence of the capsule is critical for the virulence of K. pneumoniae [14, 31-34].  

Deletion of the Orf6 gene within the CPS operon resulted in an avirulent unencapsulated 

K. pneumoniae mutant [35].  Similarly, wabG mutants lack cell-attached CPS and were 

shown to be avirulent in animal models of both UTI and pneumonia [36].  Deletion of 

 8



rmpA2, a transacting activator of CPS synthesis, resulted in decreased CPS production 

and reduced virulence in vivo [37].   

 The capsule inhibits phagocytosis by macrophages and neutrophils and binding of 

serum anti-microbial factors such as complement to the bacterial membrane.  In general, 

the majority of clinical isolates are of the K1 or K2 serotype [38, 39]; however, this is not 

an absolute correlation [40].  Capsule switch mutants have been constructed using strains 

expressing K2 and K21a.  It was found that the genetic background of virulent strains, 

independent of the capsule serotype, confers significant in vivo murine pathogenicity [14, 

31].  This suggested that pathogenesis of K. pneumoniae is multifactorial and that capsule 

can only partially account for in vivo murine virulence.  This is further supported by the 

fact that other capsular serotypes are equally as prevalent and virulent [41, 42] in mice. 

Moreover, the degree of virulence associated with a particular capsular serotype 

may be related to the mannose content of the CPS.  Macrophages possess lectin receptors 

for mannose-α-2/3 mannose.  CPS containing repetitive sequences of this sugar structure 

is recognized by the macrophage receptors, resulting in increased phagocytosis and 

subsequent killing [43].  Interestingly, K2 CPS lacks this sugar repeat resulting in 

decreased lectin receptor-mediated phagocytosis and contributing to increased virulence 

of K2 serotypes [14].   

In addition, encapsulated strain of K. pneumoniae have been shown to suppress 

the pulmonary inflammatory response by decreasing the production of pro-inflammatory 

cytokines TNFα, IFNγ and IL-6 while increasing the production of the anti-inflammatory 

cytokine, IL-10 [34, 44]. 
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Lipopolysaccharide  

Lipopolysaccharide (LPS) is known to play a role in bacterial pathogenesis and is 

the causative agent of gram-negative septic shock [45].  LPS consists of 3 subunits: a 

hydrophobic lipid A domain (endotoxin), a non-repeating core of oligosaccharide, and an 

outer, structurally diverse polysaccharide (O-antigen).  There are currently 12 different 

O-antigen serotypes of K. pneumoniae.  A recent study using wbbO mutants lacking O-

antigen reported that these mutants are less virulent in a murine model of pneumonia that 

was partially attributed to decreased bacteremia during the course of pulmonary infection 

[46].   

 One of the primary host defense mechanisms during bacterial infection is 

mediated by the complement system.  Activation of either the classical or alternate 

pathways results in activation of C3 and deposition of C3b opsonin on the bacteria.  C3b 

formation can lead to the generation of the terminal attack complex (C5-C9) and bacterial 

killing.  To counter this defense, pathogenic gram-negative bacteria express a thick CPS 

that can mask LPS and block C3 activation [47, 48].  Alternatively, only the outer O-

antigen side chain of LPS may protrude through the capsule, resulting in C3 activation at 

a greater distance from the bacterial cell membrane, diminishing the formation of the 

complement attack complex [49].  Additionally, smooth LPS has been shown to activate 

only the alternative pathway, resulting in less C3b deposition compared to the activation 

of both pathways [50]. 
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Fimbriae 

Klebsiella fimbriae are non-flagellar, filamentous projections on the bacterial cell 

surface.  These fimbriae are thought to play an important role during the early stages of 

bacterial adhesion to host cells.  Fimbriae expressed by Klebsiella have been divided into 

two major categories based on whether their adhesive interaction can be inhibited by D-

mannose.  Type 1 fimbriae are mannose sensitive and bind to mannose containing 

trisaccharides on host epithelial cell glycoproteins.  Interestingly, after mannose-

dependent binding to epithelial cells, invasive, K. pneumoniae bacteria can turn off 

expression of type 1 fimbriae in order to avoid mannose-dependent binding by host 

phagocytic macrophages [51].  Type 3 fimbriae are resistant to D-mannose inhibition and 

have been shown to promote binding to endothelial cells, respiratory epithelium, and 

kidney epithelial cells.  The gene cluster required for expression of type 3 fimbriae in K. 

pneumoniae has been cloned and shown to contain six genes termed MrkA-F [52].  The 

importance of type 3 fimbriae during infection is not well understood.  However, a 

mutant of a K. pneumoniae virulent strain deficient in type 3 fimbriae production (gift 

from Dr. Steven Clegg, U. Iowa) was found to be no different in its pathogenicity 

compared to the parental strain (unpublished observation). 

 

Siderophores 

Iron is an essential element for bacterial growth and is procured from the host 

environment via the bacterial secretion of high affinity, low molecular weight iron 

chelators called siderophores.  Enteric siderophores belong to three major groups, 

enterobactin, aerobactin, and yersiniabactin.  A previous report indicated that 

 11



enterobactin production did not correlate with virulence [53] while transformation of an 

avirulent, aerobactin negative K. pneumoniae strain with aerobactin cloned from a 

virulent strain conferred virulence [54].  However, more recently, Lawlor et. al. showed 

that K. pneumoniae yersiniabactin production is increased during pulmonary infection 

while during in vitro iron-limiting growth conditions, enterobactin is produced at higher 

levels when compared to yersiniabactin [55].  The discrepancies in these results can be 

attributed to the complexity of these siderophores systems in vivo and also the lack of 

definitive experiments addressing the importance of these iron acquisition systems. 

 

Other Virulence Factors 

In addition to the above mentioned four major classifications of virulence factors, 

recent studies have identified other putative genes associated with K. pneumoniae 

pathogenicity.  Outer membrane protein A (OmpA) in K. pneumoniae binds to human 

and mouse macrophages and dendritic cells via TLR2, resulting in cytokine secretion 

[56].  OmpA also binds to bronchial epithelial cells, inducing chemokine production and 

neutrophil recruitment [57].  In addition, several studies have identified novel, previously 

uncharacterized genes present in virulent strains of K. pneumoniae using signature-tagged 

mutagenesis [58-60], in vivo expression technology [61], and PCR-based subtractive 

hybridization [62, 63]. 
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Sources of Klebsiella pneumoniae 

  

Environmental Isolates 

 K. pneumoniae is ubiquitous in nature and can be isolated in large quantities from 

a variety of water sources: freshwater, sewage, rivers, streams, lakes and seas [64-67].  

Not surprisingly, because of its abundance in natural water reservoirs, K. pneumoniae can 

also be found in the soil and in farm produce such as tomatoes, carrots, lettuce, radishes, 

celery and onions [64].  In a 2001 study, over 100 environmental surface water isolates of 

K. pneumoniae were found to be just as capable of expressing virulence factors as clinical 

isolates [41].  These factors include capsular polysaccharide, fimbriae and siderophores, 

which will be discussed later in this chapter.  In addition, the virulence of K. pneumoniae 

environmental isolates were evaluated in murine models of UTI and intestinal 

colonization and found to be as virulent as strains of clinical origin [42].  These isolates 

colonized the gastrointestinal tract, bladder and kidneys in similar bacterial numbers as 

clinical isolates. 

 

Commensals 

 K. pneumoniae is also a component of the normal microflora in several different 

mammals and can be isolated from the upper respiratory and gastrointestinal tract of both 

humans and mice [68-72].  Strains of K. pneumoniae causing nosocomial pneumonia 

have been shown to originate from the gastrointestinal tract of humans.  In the 1970s, 

Seldon et al reported that about 50% of patients that were intestinal carriers of K. 

pneumoniae became infected by the same serotype whereas less than 10% of patients 
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who were not intestinal carriers succumbed to K. pneumoniae infection [73].  

Furthermore, to determine the sequence of colonization from the stomach to lungs, the 

trachea, oropharynx, stomach and rectum of patients admitted to an intensive care unit 

were examined for K. pneumoniae colonization from 5 days post ICU admission to the 

development of pneumonia.  K. pneumoniae was found in the stomach samples prior to 

tracheal colonization indicating the gastrointestinal tract as a possible source for 

Klebsiella pneumonia [74]. 

 The ubiquity of K. pneumoniae in nature, the infectious potential of 

environmental isolates and the presence of natural reservoirs of these bacteria in the host 

may explain the high frequency of opportunistic infections caused by this species.   

 

The Mucosal Microbiota 

 In human adults, indigenous microorganisms colonize the skin and mucosal 

surfaces of the oral cavity, upper respiratory tract, urogenital tract and much of the 

gastrointestinal (GI) tract [75, 76] (Figure I.3).  In the respiratory tract, the human adult 

microflora of the nasal passages, or nares, reflects the microbiota of the skin with the 

predominating organisms being Staphylococcus, Corynebacterium, and 

Propionibacterium [75, 77].  This is in contrast to the distal parts of the respiratory tract, 

the trachea, bronchi, and alveoli, are sterile [78].  In the mucous membranes of the oral 

cavity and pharynx, the genuses Streptococcus, Lactobacillus, and Haemophilus 

predominate.  In the gastrointestinal tract, due to the acidity and presence of proteolytic 

enzymes, the stomach is generally free of indigenous microbes with the exception of 

Helicobacter pylori.  In addition, the upper two-thirds of the small intestine, the 
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duodenum, jejunum and the proximal ileum, is thought to be free of microbes as well.  

However, the distal ileum and the mucosal surface and lumen of the large intestine 

contains about 99.9% of the human indigenous microbiota [76].  Gram-negative and 

gram-positive, facultative micraerophilic and strictly anaerobic species have been 

identified in these organs with the majority of them being anaerobic organisms.  

Microbial populations within the host have considerable impact on host systems as well 

as those of other bacterial populations. 

 

Colonization Resistance and Probiotics 

 The mucosal microbiota has the capacity to either limit the growth of, or to 

eliminate, certain transient microbial pathogens entering their environment via 

mechanisms associated with colonization resistance.  Competition for nutrients and 

mucosal adhesion sites and secretion of toxic metabolic end products are some of the 

mechanisms exhibited by the indigenous microbiota to suppress pathogen growth.  

Interestingly, colonization resistance requires the entire microflora to function optimally.  

Resistance to a particular microbial pathogen, such as E. coli, could not be demonstrated 

in animals colonized with only one to several indigenous microbial species [79].   

 Potentially pathogenic microbes are present in healthy individuals as part of the 

normal microflora and have the capacity to overgrow especially after hospitalization 

and/or antibiotic treatment.  Due to hospitalization alone, K. pneumoniae levels in both 

fecal and oropharyngeal specimens were significantly higher after 15 days of 

hospitalization and at the time of discharge compared to those levels in newly admitted 

patients [80, 81].  Increases in levels of K. pneumoniae bacteria was also demonstrated in 
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fecal and throat specimens of patients receiving antibiotics [82-84].  This increase in 

potentially pathogenic microbes is clinically significant since, as stated above, pneumonia 

causing microbes have been shown to originate in the GI tract of hospitalized patients.  

Furthermore, the alteration of the normal microbiota has also been linked to rheumatoid 

arthritis [85], diarrhea [86], and allergy [87, 88].  Thus maintenance of the microbiota is 

important in preventing disease. 

 The use of probiotic bacteria, live microorganisms belonging to the natural flora 

with low or no pathogenicity, has been increasingly accepted as a means to control 

overgrowth of potentially pathogenic organisms.  Probiotics have been defined as a “live 

microbial feed supplement which beneficially affects the host animal or human by 

improving its intestinal microbial balance” [89].  The species currently being used as 

probiotics include Lactobacillus acidophilus, L. casei, Streptococcus thermophilus, 

Enterococcus faecalis, Bifidobacterium species, E. coli, Bacillus subtilis, Bacteroides 

species, and Saccharomyces boulardii.  These probiotic bacteria have been shown to 

control growth of various enteric pathogens such as Salmonella typhimurium, Shigella, 

Clostridium difficile, Campylobacter jejuni, E. coli, and H. pylori in mice [90-94].  Thus 

probiotics are effective tools to prevent and treat microbial infections as well as to restore 

and uphold a microflora that is beneficial to the host. 

 

The Role of the Microbiota in the Mucosal Immune System 

 The components of the microflora interact with the immune system of the host in 

a variety of ways.  LPS, a major surface component of all gram-negative bacteria, is a 

strong stimulator of the innate immune system interacting with pathogen recognition 
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receptors, CD14 and TLR4, to induce production of both reactive oxygen intermediates 

and secretion of inflammatory cytokines [95].  Peptidoglycan (PGN) surrounds the 

cytoplasmic membrane of bacteria maintaining shape and is abundant in the cell wall of 

gram-positive bacteria.  PGN is recognized by CD14 and TLR2 and cytoplasmic proteins, 

Nod1 and Nod2, ultimately activating macrophages and production of NF-κB and 

proinflammatory mediators [96].  Immunostimulatory bacterial DNA containing CpG 

motifs, activates dendritic cells and macrophages to produce cytokines and expression of 

maturation markers through TLR9 [97].  The interaction of these components, as well as 

others, with the host immune system is responsible for eliciting regulatory (inhibitory) 

mechanisms, in addition to establishing mucosal tolerance to the abundant microbiota.  

This has been hypothesized to involve the cytokine signaling network, but the exact 

mechanisms are still unknown. 

 The use of germ-free (GF) and gnotobiotic animals, those with known defined 

microflora, has been indispensable in determining the role of commensal bacteria in the 

development of the mucosal immune system.  GF mice that lack commensal enteric flora 

have fewer numbers of intra-epithelial lymphocytes and immunoglobulin A (IgA) 

producing cells, contain relatively small Peyer’s patches and lack germinal centers [98-

100].  Indigenous bacteria in the GI tract have also been shown to not elicit as great a 

host immune response as do various non-indigenous bacteria [76].  Secretory IgA (sIgA) 

can eliminate S. typhimurium and Vibrio cholera from the GI tract of mice [101, 102]; 

however, sIgA is unable to clear the indigenous anaerobic bacteria from the intestine 

despite these microbes being coated with sIgA in the feces [103].  These studies suggest 
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that the immune system is tolerant of the indigenous microflora through complex 

mechanisms that have yet to be fully elucidated. 

 In addition, differences between GF and conventionally reared animals (CVAs) 

are most significant in regions of the host where bacterial densities are normally the 

highest.  These differences include enlargement of the cecum, shorter and few crypt cells, 

and lack of fecal fatty acids and metabolic breakdown of bilirubin, pancreatic enzymes, 

cholesterol, and steroid hormones in the GF mice [104, 105].  The gut-associated lympoid 

tissue in the Peyer’s patches and lamina propria of CVAs are prominent and stocked with 

large numbers of monocytic cells whereas in GF animals, these areas are hypocellular 

containing little monocytic cells [76].  Humoral and secretory responses in GF animals 

also develop at slower rates compared to CVAs.  This suggests that GF animals are 

immunologically competent and that the immune system state of CVAs is a result of 

continual indigenous microbial antigen challenge.  All of these observations support the 

notion that the microbiota is important to the development and maintenance of the host 

mucosal immune system.   

 To study interactions of the intestinal microflora with the host, mice with defined 

microflora are currently used to both simplify the microbial ecosystem and enhance 

reproducibility in laboratory experiments that aim to determine specific roles of certain 

microbes.  The early work of Schaedler, Dubos and coworkers [106-108] has led to the 

development of mice with a defined intestinal flora consisting of eight benign commensal 

enteric bacteria, also known as altered Schaedler flora (ASF) mice [109] (Table I.1).  

This flora is proposed to be functionally similar to the normal microbiota because of their 

ability to restore the cecal morphology of GF mice to that of normal mice [107].  In one  
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study, ASF mice that were colonized with either Helicobater bilis or Brachyspira 

hyodysenteriae in murine models of colitis were found to vary in the severity of intestinal 

inflammation, production of proinflammatory cytokines and antigen-specific antibody 

responses [110].  Their results also demonstrated that colonization with a single bacterial 

strain can induce immune responses to nonpathogenic resident bacteria ultimately leading 

to chronic intestinal inflammation.  Thus the manipulation of immunologically 

competent, defined flora mice will be useful in determining the role of intestinal bacteria 

in the development and maintenance of both the host mucosal immune system and 

inflammatory diseases. 

 

Objective of this Study 

 Initial observations indicated that 2 clinical isolates of K. pneumoniae differed 

significantly in their ability to cause disease in a murine model of pneumonia, with strain 

IA565 inducing no mortality even at high doses.  Thus, the objective of this dissertation 

was to investigate mechanisms that determine mucosal tissue colonization and infection 

by Klebsiella pneumoniae. 
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Chapter II 

Materials and Methods 

 

Animals 

 C57BL/6J wild-type and RAG1-/- mice were purchased from The Jackson 

Laboratory and housed in specific pathogen-free conditions within the animal care 

facility at the University of Michigan until the day of sacrifice.   

 Germfree (GF) Swiss Webster mice were maintained in flexible plastic isolators 

in the Germfree Mouse Resource Laboratory in the Life Science Institute at the 

University of Michigan.  GF Swiss Webster mice were co-housed with Defined Flora 

CB17 mice acquired from Taconic in order to develop an altered Schaedler Flora (ASF) 

gut microbiota.  Mice were then transferred to SPF conditions until the day of sacrifice.   

 All experimental animal procedures were approved by the University Committee 

on Use and Care of Animals at the University of Michigan. 

 

Techniques used for Murine Inoculation 

 Mice were anesthetized with ketamine and xylazine.  For intratracheal 

inoculation, the trachea was exposed, and 30μl inoculum was administered via a sterile 

26 gauge needle.  For intranasal inoculation, mice were given a 5μL bolus of K. 

pneumoniae in each nostril followed by a 10μL flush with sterile saline in each nostril.  
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 For intraperitoneal inoculation, a 200μL inoculum was administered via a 27 

gauge needle into the peritoneum of mice.  Mice were inoculated with the bacteria by oral 

administration with a 24-gauge feeding needle attached to a 1mL syringe.  The syringe 

containing the bacterial suspension was mounted onto a Stepper repetitive pipette 

(Tridak, Brookfield, Conn.) to deliver an equal amount of suspension to each mouse.  An 

aliquot of the inoculated bacterial suspension was serially diluted onto appropriate agar 

plates to determine actual dose of inoculated bacteria. 

 An aliquot of the inoculated K. pneumoniae suspension was serially diluted onto 

blood agar plates to determine actual dose of inoculated bacteria. 

 

Bacterial Strains and Plasmids 

 Strains used in this study are listed in Table II.1.  K. pneumoniae strain 43816 is a 

clinical isolate with an O1:K2 serotype (ATCC, Rockville, MD).  Strain IA565 is a 

clinical isolate from the University of Iowa Hospitals and Clinics with a K15 serotype 

(K-typing performed at the Unit of Gastrointestinal Infections, Statens Serum Institut, 

Denmark) [1].  These strains were grown in tryptic soy broth (Difco, Detroit, MI) 

overnight at 37˚C.  K. pneumoniae IA565 and its streptomycin resistant derived strain, 

IA565S were grown in luria broth (LB) and LB supplemented with 50μg/mL of 

streptomycin (Teknova, Hollister, CA) overnight at 37˚C, respectively.  The plasmid, 

pAM401 containing a chloramphenicol resistant gene, was transformed into K. 

pneumoniae IA565 and named IA565pAM401.  This strain was grown in LB containing 

50μg/mL of chloramphenicol (Teknova, Hollister, CA) overnight at 37ºC.  Citrobacter 

rodentium (ATCC 51459, Rockville, MD was grown in LB overnight at 37ºC.  Bacterial 
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concentration was determined by measuring the amount of absorbance at 600 nm and 

compared to a predetermined standard curve.  Bacteria were then diluted to the desired 

concentration for inoculation into mice in saline.   

 Plasmids used in this study are listed in Table II.2. 

 

Lipopolysaccharide Quantification Assay 

 For quantification of LPS on the surface of K. pneumoniae, the Pyrochrome® 

Chromogenic Test Kit (Cape Cod, Inc, Mass.) was used and manufacturer’s protocols 

were followed.  Limulus amebocyte lysate (LAL) is an aqueous extract of blood cells 

(amebocytes) from the horseshoe crab, Limulus polyphemus. LAL reacts with bacterial 

endotoxin or lipopolysaccharide, which is a membrane component of gram negative 

bacteria.  In the presence of LPS, factors in LAL are activated in a proteolytic cascade 

that results in the cleavage of a colorless artificial peptide substrate present in 

Pyrochrome LAL.  Cleavage of this substrate liberates p-nitroaniline, which is yellow and 

absorbs at 405nm.   

 Briefly, overnight cultures of strain IA565 and 43816 grown in TSB at 37ºC were 

centrifuged at 5000 g for 10 minutes.  2mLs of supernatant was pulled off and set aside 

for the assay.  The control standard endotoxin (CSE) provided in the kit was diluted to 

make standards at 8, 16, 25, 50, 100, 200, and 400 endotoxin units (EU)/mL.  25μL of 

each standard was plated in duplicate as well as IA565 and 43816 supernatants.  25μL of 

LPS-free reagent water (LRW) and TSB were added in only one well each.  25μL of 

hydrochloric acid was added to the wells and 100mL of Pyrochrome LAL.  The plate was 
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incubated at 37ºC shaking at 125rpm for 12 minutes.  31.25μL of 50% acetic acid was 

added to stop the reaction and the plate was read at 405nm. 

 

Bronchoalveolar lavage 

Bronchoalveolar lavage (BAL) was performed to obtain BAL cells and fluid.  The 

trachea was exposed and intubated using a 1.27mm OD polyethylene catheter.  BAL was 

performed by instilling 1.6ml PBS/ 5mM EDTA.  Approximately 1.5ml of lavage fluid 

was retrieved per mouse and cytospins were prepared from BAL cells. 

 

Growth Curve Analysis 

 For K. pneumoniae growth in whole blood, mice were euthanized and heparinized 

blood was collected via cardiac puncture.  In a 1mL volume of blood, approximately 5 x 

104 CFU of K. pneumoniae was added.  For growth in TSB, PBS and BAL fluid, 

approximately 103 CFU of K. pneumoniae was added in a 1mL volume.  Growth via CFU 

analysis was performed by taking aliquots of the culture at designated time points.   

 For K. pneumoniae IA565 and IA565S growth in LB with and without 

streptomycin, approximately 108 CFU of K. pneumoniae was added in 50mLs of broth.  

Growth via CFU analysis was performed by taking aliquots of the cultures at designated 

time points.   

 

Whole Lung Homogenization for CFU, Myeloperoxidase, and Cytokine Analysis 

At designated time points, the mice were euthanized by inhalation of CO2.  Before 

lung removal, the pulmonary vasculature was perfused with 2 to 3 ml PBS/5 mM EDTA 
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and removed for analyses.  After removal, whole lungs were homogenized using a tissue 

homogenizer (Biospec Products, Bartlesville, OK) in 1 ml PBS/Complete protease 

inhibitor cocktail (Boehringer Mannheim Biochemical, Chicago, IL).  For lung CFU 

determination, a small aliquot of lung homogenate was serially diluted and plated on 

blood agar plates, incubated at 37˚C and colonies counted. 

Lung myeloperoxidase, MPO activity, as an indirect measurement of total 

neutrophil numbers, was quantified by a method as described previously [2].  Briefly, 

100μL lung homogenate was mixed with 100μL MPO homogenization buffer (0.5 % 

hexadecyltrimethylammonium bromide and 5 mM EDTA) and vortexed.  The mixture 

was sonicated and centrifuged at 12,000 g for 15 minutes.  The supernatant was then 

mixed 1:15 with assay buffer and read at 490 nm.  MPO units were calculated as the 

change in absorbance over time. 

For total lung cytokine ELISA analyses, lung homogenates were sonicated briefly 

to ensure complete cellular disruption, then centrifuged at 1,500 g for 10 minutes.  The 

supernatants were collected and assessed for cytokine levels by ELISA.  Murine 

cytokines were quantified using a modification of a sandwich ELISA method [3].  This 

methodology allows detection of these cytokines at concentrations of 20 pg/ml and 

higher.  Additionally, assays have been shown to be specific for the indicated murine 

chemokine and show no cross-reactivity with any other murine cytokines tested. 

 

Peripheral blood CFU 

For determination of peripheral blood bacterial numbers, mice were euthanized 

and heparinized blood was collected by cardiac puncture at the indicated time points.  
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Serial dilutions were plated onto blood agar plates, incubated at 37˚C and colonies 

counted. 

 

Nasal Cavity and Tracheal CFU Analysis 

At designated time points, mice were sacrificed by CO2 asphyxiation and were 

dissected aseptically.  The trachea and nasal cavity was removed and homogenized using 

a tissue homogenizer (Biospec Products, Bartlesville, OK) in 1 ml 1x PBS.  For CFU 

determination, a small aliquot of the homogenates was serially diluted and plated on 

blood agar plates, incubated at 37˚C and colonies counted. 

 

Gastrointestinal Tract and Fecal CFU Analysis  

 At designated time points, mice were euthanized by inhalation of CO2.  Excised 

whole organs were homogenized using a tissue homogenizer (Biospec Products, 

Bartlesville, OK) in 1mL 1x PBS for feces and 1mL distilled water for small and large 

intestine and cecum.  For CFU determination, a sample of the homogenate (100μL) was 

serially diluted and plated on blood agar plates for IA565 CFU assessment, LB-

Streptomycin agar for IA565S CFU assessment, and MacConkey agar for Citrobacter 

rodentium assessment.  Plates were incubated at 37ºC and colonies counted. 

 

In vitro Peritoneal Macrophage Phagocytosis Assays 

This protocol, previously described elsewhere [4, 5] was used and modified.  

Non-elicited peritoneal macrophages from C57BL/6J mice was isolated and plated into 

half-sized 96-well plates.  FITC-labeled K. pneumoniae was opsonized by incubation in 
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5% mouse serum for 15-30 minutes.  These bacteria were then added to the macrophage 

cells in quadruplicate at a bacterium to macrophage ratio of 100:1.  After incubation, 

unbound bacteria were washed off and extracellular fluorescence was quenched with 

trypan blue.  Internalized FITC signal was then analyzed with a fluorometer (Tecan 

SPECTRAFluorPlus). 

To access phagocytosis via another method, non-elicited peritoneal macrophages 

from C57BL/6J mice was isolated and suspended in 1mL RPMI 1640 (Invitrogen) culture 

medium at a concentration of 106 cells/mL.  K. pneumoniae was then added to the 

macrophage cells at a bacterium to macrophage ratio of 100:1.  At designated time points, 

an aliquot of the suspension were spun down onto a glass slide, which was air dried, 

stained with Diff-Quick, and examined under oil immersion.  The initial 200 peritoneal 

cells were counted to determine the number of whole intracellular bacteria in each cell.  

The phagocytic index (PI) was calculated as:  PI = (percent of macrophages containing at 

least one bacterium) x (mean number of bacteria per positive cell). 

 

In vivo Alveolar Macrophage Phagocytosis Assay 

The protocol for alveolar macrophage in vivo phagocytosis has been previously 

described [6].  Briefly, mice were intratracheally injected with approximately 1 x 106 

CFU of K. pneumoniae at time zero.  At 2 h post infection, BAL was performed to obtain 

alveolar leukocytes.  The lavage fluid was centrifuged at 500 g for 5 min and the pellet 

resuspended in PBS containing 2% serum.  Thirty thousand cells were then spun down 

onto a glass slide, which was air dried, stained with Diff-Quick, and examined under oil 

immersion.  The initial 200 alveolar macrophages or polymorphonuclear cells were 
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counted to determine the number of whole intracellular bacteria in each cell.  The 

phagocytic index (PI) was calculated as described above. 

 

In vitro Peritoneal Macrophage Killing Assays 

 Approximately 106 non-elicited, freshly isolated peritoneal macrophage cells from 

C57BL/6J mice in a 1mL volume were incubated with 106 CFU of strain 43816 and 

IA565 with and without prior incubation with 5% normal mouse serum.  At 30 and 90 

minutes, an aliquot of the mixture was plated for CFU.   

 

Enzyme-Linked ImmunoSorbent Assay (ELISA) 

 Murine cytokines were quantified using a modification of a sandwich ELISA 

method [3].  This methodology allows detection of these cytokines at concentrations of 

20 pg/ml and higher.  Additionally, assays have been shown to be specific for the 

indicated murine chemokine and show no cross-reactivity with any other murine 

cytokines tested.  Human cytokines were quantified as previously described [7]. 

 

In Vivo Antibody Administration 

Neutrophils were depleted in vivo utilizing the pan-granulocytic antibody RB6-

8C5 [8], directed against Ly-6G.  Anti-Ly-6G was produced as an ascites in SCID mice 

by TSD BioServices (Germantown, NY) and used at a dilution determined to deplete 

both peripheral blood and resident lung neutrophils.  The antibody was injected in a 0.5 

ml volume intraperitoneally 18 hours prior to infection and again one day post infection.  

This treatment scheme has been used to deplete neutrophils in vivo in a variety of 
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bacterial and fungal models.  Reagent control animals for anti-Ly-6G received normal 

mouse serum at the same dilution used for anti-Ly-6G treatment.  For survival studies, 

mice received injections of antibody every 48 hours post initial injection. 

Mice were injected intraperitoneally either with 500μg of anti-TNFα neutralizing 

monoclonal antibody (clone MP6-XT3) or anti-IFNγ neutralizing monoclonal antibody 

(clone XmG1.2) 2 hours before infection with K. pneumoniae.  For survival studies, mice 

received a second injection of antibody on day 2 post-infection. 

 

A549 Cell Adhesion and Invasion Assays and Supernatant ELISAs 

 A549 cells were generously provided by Dr. Douglas A. Arenberg (University of 

Michigan) and were grown in RPMI 1640, with 25mM HEPES and L-glutamine 

(Invitrogen) supplemented with 10% fetal bovine serum, 1x penicillin, streptomycin and 

L-glutamine, 1x sodium pyruvate, 1x non-essential amino acids and 0.1% 2-

mercaptoethanol.  Cells were grown as monolayers in 100% humidity and 5% CO2 at 

37ºC.  For bacterial assays, cell culture medium without penicillin/streptomycin was 

used.  A549 cells were seeded into 24-well plates at a density of 105/well in a 2mL 

volume and incubated for 24 hours.  Cells were washed 3 times with 1x phosphate 

buffered saline.  Then 1mL of antibiotic free culture medium was added in addition to K. 

pneumoniae at a bacterium to cell ratio of 100:1.  Plates were centrifuged at 1000 x g for 

5 minutes. 

For the adhesion assay, plates were incubated for 30-90 minutes.  At each 30 

minute interval, cells were washed 10X with 1x PBS.  1mL 1x trypsin and 1μL TritonX-

100 was added to the wells, incubated at 37ºC for 10 minutes, and then plated for 
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bacterial CFU.  For the invasion assay, plates were incubated after centrifugation for 60-

120 minutes.  At each 30 minute interval, cells were washed 3 times with 1x PBS.  1mL 

of 100ng/mL gentamycin containing culture medium was added to wells and incubated 

for 20 minutes.  Cells were then washed 3 times with 1x PBS, 1mL 1x trypsin and 1μL 

TritonX-100 was added to the wells, incubated at 37ºC for 10 minutes, and then plated 

for bacterial CFU. 

Supernatants of A549 cells pulsed with K. pneumoniae bacteria were harvested 

and accessed for A549 cytokine production. 

 

MLE-12 cell Adhesion Assay and Supernatant ELISAs 

 MLE-12 cells were generously provided by Dr. Paul Christensen (University of 

Michigan) and were grown in HITES medium [RPMI 1640, with 25mM HEPES and L-

glutamine (Invitrogen) supplemented with 1X insulin, transferrin, and sodium selenite 

solution, 50μg/mL human apo-transferrin, 0.01μM hydrocortisone, 0.01μM B-estradiol, 

1X penicillin/streptomycin/L-glutamine solution, and 2% fetal calf serum].  Cells were 

grown as monolayers in 100% humidity and 5% CO2 at 37ºC.  For bacterial assays, 

HITES medium without penicillin/streptomycin was used. 

 MLE-12 cells were seeded into 24-well plates at a density of 105/well in a 2mL 

volume and incubated for 24 hours.  Cells were washed 1 time with 1x phosphate 

buffered saline.  Then 1mL of antibiotic free HITES medium with or without 50mg/mL 

of D-mannose (Sigma) was added in addition to K. pneumoniae at a bacterium to cell 

ratio of 100:1.  Plates were centrifuged at 1000 x g for 5 minutes and then incubated for 2 

hours.  At each 15 minute interval, cells were washed 10 times with 1mL of 1x PBS, 
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scraped off the bottom of the well in the presence of 1mL 1x PBS and placed in a tube 

with 1μL TritonX-100.  This solution was then plated for bacterial CFU to assess for 

numbers of bacteria that adhered to cells. 

 Supernatants of MLE-12 cells pulsed with K. pneumoniae bacteria for 24 hours 

were harvested and accessed for MLE-12 cytokine production. 

 

Alveolar Macrophage depletion  

 Clodronate liposomes were obtained from Dr. Nico van Rooijen (Vrije 

Universiteit, The Netherlands) and have been previously described [9].  Mice were 

anesthetized with ketamine and xylazine and 60μL of clodronate liposomes were 

administered intranasally for 2 consecutive days for a total of 720ng of clodronate 

liposomes /mouse.  Mice were allowed to rest for 1 day before bacterial infection for a 

total of 720ng of clodronate liposomes /mouse 

 

Serum administration 

 Whole mouse blood was collected and pooled from several mice.  Serum was 

collected and 1mL was intraperitoneally injected into RAG1-/- mice, 500μL 24 hours 

before bacterial challenge and 500μL 24 hours after challenge. 

 

Administration of Dextran Sodium Sulfate (DSS) 

 Mice received 3% weight/volume DSS molecular weight 36,000-50,000 (ICN 

Biomedicals, Inc., Irvine, CA) in their drinking water ad libitum for 7 days. 
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Histology 

 The colon was removed, cut longitudinally and washed in 1x PBS and embedded 

in paraffin sections in a Swiss roll fashion.  Sections were cut, mounted onto slides and 

stained with hematoxyline and eosine. 

 

Nucleic Acid Isolation 

 Total RNA and genomic DNA was isolated from K. pneumoniae strain 43816 and 

IA565 using the Qiagen RNeasy® Mini Kit and Qiagen Genomic DNA Buffet Set and 

Genomic Tips (Valencia, CA).  Total RNA was converted into total cDNA using 

Clontech’s SMART™ PCR cDNA Synthesis Kit (La Jolla, CA). 

 

Subtractive Hybridization (SH) 

 Clontech’s PCR-Select™ Bacterial Genomic Subtraction and PCR-Select™ 

cDNA Subtraction Kit protocols were performed on both genomic DNA and total cDNA 

from strain IA565 and 43816 according to manufacturer’s protocols.  To further enrich 

for uniquely expressed sequences, PCR-Select™ Differential Screening Kit (Clontech) 

was carried out on end products obtained from the subtraction kits. 

 

Cloning of Subtractive Hybridization Products 

 Blunt ended cloning of SH products were performed using Stratagene’s PCR-

Script™ Amp Electroporation-Competent Cell Cloning Kit (La Jolla, CA) as per 

manufacturer’s protocols. 
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Restriction Enzyme Digests 

 Enzymes used in this study were purchased from New England BioLabs (Ipswich, 

MA) and are listed in Table II.3. 

 

Polymerase Chain Reaction (PCR) 

 PCR primers used in this study are listed in Table II.4 as well as the details of 

PCR conditions for each.  Primers were ordered from Sigma-Genosys (St. Louis, MO).  

PCR reactions were carried out using the GeneAmp 9700 PCR Thermal Cycler (Applied 

Biosystems, Foster City, CA) and the Platinum® Taq DNA Polymerase PCR Kit from 

Invitrogen (Carlsbad, CA).  Platinum® Taq DNA Polymerase High Fidelity is an enzyme 

mixtures composed of recombinate Taq DNA polymerase, Pyrococcus species GB0D 

polymerase, and Platinum® Taq antibody.  Pyrococcus species GB-D polymerase 

possesses proofreading ability via its 3’ to 5’ exonuclease activity.  The antibody inhibits 

polymerase activity until incubation at 94ºC.  After amplification, the PCR products were 

separated on, depending on size, a 0.3 to 2% agarose gel containing ethidium bromide 

(0.3mg/mL [0.003%]).  Bands were visualized via UV transillumination and 

photographed using the Gel Logic 100 Image Analysis System (Kodak, New Haven, CT). 

 

Allelic Exchange Technique using pLD55 

 A similar method used in this study has been described elsewhere [10].  A 907bp 

fragment of the UreF gene and a 927bp fragment of the FimC gene in K. pneumoniae 

43816 were cloned via PCR using gene specific primers.  The resulting fragments were 

cloned using Stratagene’s PCR-Script™ Amp Electroporation-Competent Cell Cloning 
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Kit (La Jolla, CA) [cloned products are denoted, pFimC and pUreF).  An internal 

fragment was removed from each cloned gene: pFimC, digested with BlpI and BseRI, 

removed a 155bp internal fragment, and pUreF, digested with Bpu10I and BlpI, removed 

a 117bp internal fragment.  These products are denoted as pFimCΔ and pUreFΔ.  The 

internal fragments were replaced with a kanamycin resistant cassette resulting in the 

products pFimCΔK and pUreFΔK.  The fragments containing the insertionally 

inactivated genes, FimCΔK and UreFΔK into the pir-dependent vector pLD55 [11]. 

 

Lambda Red Recombinase Technique 

 This method has been described elsewhere [12].  Briefly, a pair of primers 

containing 40 nucleotides of the 3’ and 5’ ends of the FimC gene were generated, P1 H1-

FimC and P2 H2-FimC.  The primers contain the P1 and P2 sites flanking a kanamycin 

resistant cassette so PCR amplification of the kanamycin resistance gene on the plasmid, 

pKD4 can be performed.  This PCR product was named fimCΔKanR.  pKD78, a 

temperature sensitive plasmid containing the lambda red genes under an arabinose 

inducible promoter and a chloramphenicol resistance gene, was transformed into K. 

pneumoniae 43816, denoted HL078.  HL078 was grown in the presence of arabinose and 

harvested for use for electroporation.  The linear PCR product fimCΔKanR was 

electroporated into HL078 cells and grown at the non-permissive temperature, 37ºC.  

Transformants containing the chromosomally integrated fimCΔKanR fragment were 

analyzed for successful recombination. 
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Construction of a Long Linear UreF Gene Fragment Disrupted with the Kanamycin 

Resistant Cassette 

 Primers V and VII-P1 contains 383bp of the 5’ end of the UreF gene in K. 

pneumoniae 43816 and 20 nucleotides of the P1 site upstream of the kanamycin resistant 

cassette on the pKD4 plasmid.  Primers VI and VIII-P2 contains 651bp of the 3’ end of 

the UreF gene in K. pneumoniae 43816 and 20 nucleotides of the P2 site downstream of 

the kanamycin resistant cassette on the pKD4 plasmid.  A diagram of the desired product 

is depicted in Figure IV.23.  The 403bp product and 671bp product was generated via 

PCR of strain 43816 genomic DNA.  These products were then used as PCR primers to 

attempt to amplify the kanamycin cassette on the pKD4 plasmid via the P1 and P2 ends 

of those fragments. 

 

Temperature Sensitive Plasmid Mutagenesis Technique 

 A pair of primers, with Acc65I restriction sites, containing 40 nucleotides of the 

3’ and 5’ ends of the FimC gene were generated, P1 H1-FimC and P2 H2-FimC.  The 

primers contain the P1 and P2 sites flanking a kanamycin resistant cassette so PCR 

amplification of the kanamycin resistance gene on the plasmid, pKD4 can be performed.  

This fragment, fimCΔKanR, and the plasmid, pKD78, were digested with Acc65I and 

then ligated together.  The resulting plasmid was then transformed into K. pneumoniae 

43816.  The transformant was grown overnight in LB containing 50μg/mL of 

chloramphenicol (Teknova) at the permissive temperature of 30ºC.  An aliquot of this 

suspension was then inoculated into LB media (1:100 dilution) and grown at 37ºC for 2 

days.  A serial dilution of this culture was then plated on LB-chloramphenicol plates.  
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One robust colony was picked and inoculated into 10mLs of LB media and grown at 

30ºC.  This solution was back diluted twice daily for 2 days.  An aliquot of these cultures 

was then serially diluted and plated on LB agar.  These colonies were then patched onto 

LB-chloramphenicol plates and accessed for drug-sensitivity.  Those that were 

chloramphenicol sensitive were analyzed for fimCΔKanR integration via PCR.   

 

Allelic Exchange Technique using pKAS32 and pWM91 

 Two pairs of primers, with NotI restriction sites, containing 40 nucleotides of the 

3’ and 5’ ends of the FimC and UreF gene were generated, P1 H1-FimC and P2 H2-FimC 

and P1 H1-UreF and P2 H2-UreF.  The primers contain the P1 and P2 sites flanking a 

kanamycin resistant cassette so PCR amplification of the kanamycin resistance gene on 

the plasmid, pKD4 can be performed.  These NotI digested fragments, FimCΔKanR and 

UreFΔKanR, were cloned into the NotI digested plasmid, pKAS32 [13] forming plasmids 

101 and 102.  In addition the NotI digested UreFΔKanR fragment was cloned into the 

NotI digested plasmid, pWM91 [11] forming plasmid 103.  Those plasmids were 

transformed into the pir-dependent E. coli strain 47084 forming HL101, HL102 and 

HL103.  Cultures of the recipient K. pneumoniae strains 43816 and 43816S and the donor 

strains HL101, HL102 and HL103 were grown in LB, LB-streptomycin, and LB-

kanamycin/ampicillin cultures, respectively.  1.5mL of each culture were spun down at 

300g for 5 minutes, resuspended in 1mL of the original medium and placed in a 125mL 

flask containing 29mL of LB media.  The cultures were then shaken at 130rpm for 2 

hours and 37ºC.  0.5-5mL culture aliquots of 43816 and HL103, 43816S and HL101, and 

43816S and HL102 were mixed and filtered onto a 0.45μm filter disk, named A, B and C, 
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respectively.  Filter disks were placed onto LB agar plates and incubated at 37ºC for 3-16 

hours.  Disks were then placed in 50mL conical tubes containing 10mL of 1x PBS, 

scratched with a glass rod and vigorously vortexed.  100mL from the tube containing 

disks A and B were plated onto LB-streptomycin/kanamycin plates.  100mL from tube 

containing disk C was plated onto LB-kanamycin/sucrose plates.  Transconjugants were 

analyzed for incorporation of the FimCΔKanR and UreFΔKanR fragments via PCR 

analysis. 

 

Statistical analyses 

Statistical significance was determined using the unpaired, two-tailed student t 

test, ANOVA for multiple group comparisons using the Student-Newman-Keuls post-

test, and Fisher’s Exact Test.  Calculations were performed using InStat 3 (GraphPad 

Software, San Diego, CA).  Statistical analyses of survival curves were performed by the 

Log Rank Test using the Prism 3 software program (GraphPad Software). 
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Chapter III 

Lack of in vivo Pathogenicity of K. pneumoniae strain IA565  

and its Role as a Murine Commensal 

 

Introduction 

 

Background of Strains Used in this Study 

Animal models have proven extremely useful in determining host: pathogen 

interactions during K. pneumoniae infection.  As described in the first chapter, IFNγ, IP-

10, IL-17 and TNFα play an important role in mediating lung antibacterial host responses 

during K. pneumoniae infection as well as the influx of PMNs into the lungs and the 

action of resident alveolar macrophages.  However, the majority of these studies utilized 

a single clinical isolate of K. pneumoniae, strain 43816.  This is the prototypical virulent 

strain used in a variety of different studies to determine the host mechanisms of 

pulmonary bacterial clearance.   

Strain 43816 is of the O1:K2 serotype and was originally isolated from a cancer 

patient in the 1970s.  However, because of inconsistent strain designations, it is unclear 

whether strain 43816 was a blood, wound, urinary tract or pulmonary isolate.  For strain 

IA565, the O-antigen serotype is unknown, but via PCR, IA565 was found not to express 

the O1 antigen (unpublished data).  Strain IA565 has a K15 capsular serotype and was 

originally isolated from the tracheal aspirate of a hospitalized patient.  It is unclear why
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the patient was admitted to the University of Iowa Hospitals and Clinics as the patient’s 

history is unavailable.   

Both strain 43816 and IA565 express the prototypical virulence factors associated 

with K. pneumoniae pathogenicity; being capsule, LPS, and type 1 and 3 fimbriae.  Of 

these three, capsule is perhaps the most well studied virulence factor.  As stated before, 

via construction of capsule switch mutants, the genetic background of virulent strains and 

not the capsule serotype was shown to confer significant in vivo murine pathogenicity [1, 

2].  This suggested that pathogenesis of K. pneumoniae is multifactorial and that capsule 

can only partially account for in vivo murine virulence. 

 

Inflammatory Bowel Disease: Role of Commensal Bacteria and Current Murine Models 

 As alluded to earlier, the mucosal immune system is a highly specific anti-

inflammatory mechanism responsible for mucosal tolerance.  A break in mucosal 

tolerance leading to inappropriate immune responses to commensal bacteria is 

hypothesized to be an important contributing factor to inflammatory bowel disease (IBD).  

IBD refers to two chronic diseases that cause inflammation of the intestine: ulcerative 

colitis (UC) and Crohn’s disease. 

 In murine models of IBD, described below, several studies have shown that the 

driving force of intestinal inflammation is the mucosal microbiota [3-5].  Mice that 

develop inflammatory disease in specific-pathogen free conditions do not do so in GF 

environments.  In addition, inflammation is alleviated when mice are treated with 

antibiotics that rid the mucosa of certain classes of microbes [6].  Current models of IBD 

involve treatment with mucosal-injuring agents (dextran sodium sulfate, DSS), alteration 
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of murine cytokine function (IL-10 and IL-2 deficient mice), alteration of T-cell function 

(T cell receptor α and β knockout mice), and infection with enteric pathogens 

(Citrobacter rodentium) [7, 8].   

 C. rodentium is a commonly used murine model pathogen for human 

enteropathogenic E. coli (EPEC) infections as well as IBD.  The characteristic 

histopathological feature of attaching and effacing (A/E) lesions within the intestinal 

mucosa seen during EPEC infections are indistinguishable from those caused by C. 

rodentium.  Mice infected with C. rodentium displays crypt hyperplasia, loss of goblet 

cells and mixed inflammatory cell infiltration of the mucosa and submucosa with 

lymphocytes, macrophages, neutrophils and mast cells [8]. 

 DSS is a sulfated polysaccharide commonly used to induce colitis in rodents.  The 

in vivo action of DSS is currently not well understood, but it is thought that DSS is toxic 

to colonic crypt epithelium and acts directly on these cells to induce inflammation.  DSS 

was first introduced in 1990 as a reliable model of acute UC in mice that resembled the 

human manifestation of UC [9].  The stages of DSS induced colitis, within the first 

several days of administration, were histologically examined and it was determined that 

many architectural changes occur first such as crypt loss not associated with 

inflammation [10].  

 

Objective 

Clinical isolate IA565 was used in a well established murine model of acute 

bacterial pneumonia to investigate the induction of host anti-bacterial responses to this 

organism and to determine the factors that control lung growth.  In addition, mucosal 
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colonization of strain IA565 in the upper respiratory and gastrointestinal tract of wild-

type, germ-free and defined flora mice was performed to determine the mechanisms 

responsible for colonization at those sites.  The ability of strain IA565 to change and 

respond to the inflammatory environment of the gastrointestinal tract was also 

investigated using the DSS and C. rodentium models of IBD described above.  The 

results from this study elucidate the mechanisms controlling mucosal tissue colonization 

and infection by K. pneumoniae, which is the primary objective of this project. 
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Results 

 

Lack of mortality in IA565 infected mice 

 To determine the pathogenicity of strain IA565 and 43816, C57BL/6J mice were 

intratracheally (IT), intraperitoneally (IP) and intravenously (IV) inoculated with strain 

IA565 and IT and IV inoculated with strain 43816 (Figure III.1).  The LD50 dose for 

strain 43816 in the systemic IV model and the pneumonia IT model is approximately 5 x 

104 and 5 x 103 CFU/mL, respectively.  This corresponded to the survival curves shown 

in Figure III.1.  Strain IA565 was given to mice at about 1-2 log CFU doses higher than 

the LD50 dose for strain 43816.  However, at these high doses of strain IA565, mice 

displayed 0% mortality (Figure III.1).  These survival curves indicate an apparent lack of 

pathogenicity of strain IA565 is a murine model of bacterial pneumonia. 

 

Rapid pulmonary clearance of IA565 infected mice 

 To determine whether the observed lack of mortality correlated with the rapid 

clearance of strain IA565 bacteria from the lungs, C57BL/6J mice were intratracheally 

inoculated with 3 x 105 CFU of IA565 and 43816 and analyzed 24 hours post infection 

(Figure III.2).  Mice infected with strain 43816 displayed high bacterial load in both the 

lungs and blood (Figure III.2A).  In contrast, bacterial CFU in the lungs and blood from 

the IA565 infected mice were below the limit of detection by 24 hours post infection.  

These results suggest that the lack of mortality in IA565 infected mice is due to the rapid 

clearance of this strain from the lungs. 
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Figure III.1 Survival of K. pneumoniae Inoculated C57BL/6J Mice
For  IA565 inoculation, C57BL/6J mice were intraperitoneally (IP) injected with 
7.8 x 105 CFU in a 200μL volume, intravenously (IV) injected with 2 x 105 and 
2 x 106 CFU in 500μL volumes, and intratracheally (IT) injected with 5 x 103, 
5 x 104 and 5 x 105 CFU in 30μL volumes.  n = 4-6 mice per dose and route 
of infection. For 43816 inoculation, C56BL/6J mice were IV injected with 
8 x 104 CFU in a 500μL volume and IT injected with 9.8 x 103 CFU in a 30μL 
volume.  n = 5-9 mice per route of infection.  Survival was monitored over a 
course of 7 days. 
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For  IA565 inoculation, C57BL/6J mice were intraperitoneally (IP) injected with 
7.8 x 105 CFU in a 200μL volume, intravenously (IV) injected with 2 x 105 and 
2 x 106 CFU in 500μL volumes, and intratracheally (IT) injected with 5 x 103, 
5 x 104 and 5 x 105 CFU in 30μL volumes.  n = 4-6 mice per dose and route 
of infection. For 43816 inoculation, C56BL/6J mice were IV injected with 
8 x 104 CFU in a 500μL volume and IT injected with 9.8 x 103 CFU in a 30μL 
volume.  n = 5-9 mice per route of infection.  Survival was monitored over a 
course of 7 days.  

 

 72



 

 

 

 

 

 

 

 

Figure III.2 Day 1 Harvest of IA565 and 43816 Intratracheally Infected mice
Bacterial burden, chemokine induction, and MPO activity following intratracheal 
infection with strain  IA565 or 43816.  Mice were infected with 3 x 105 CFU of 
strain IA565 or 43816 and analyzed 24 hours post infection.  (A) Bacterial 
numbers for the lungs are for the entire tissue, while bacterial numbers for the 
blood are per mL of blood.  (B) Chemokine production was assessed from total 
lung homogenates by  ELISA.  (C) Lungs were also assessed for  MPO activity.  
Units are expressed as a change in absorbance over time.  Data are presented as 
mean ± SEM and were generated from two independent experiments with 4-5 
animals per group.  *, p < 0.001.  n.d., no data.  LOD, limit of detection.  
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Lack of significant chemokine induction and neutrophil recruitment in the lungs of IA565 

infected mice 

 To determine if the rapid clearance of strain IA565 resulted from enhanced 

neutrophil and/or macrophage recruitment into the pulmonary airspace, lung 

homogenates were analyzed for the production of chemokines responsible for recruiting 

these cell types 24 hours post inoculation (Figure III.2B).  The neutrophil recruiting 

chemokines, MIP-2 and KC were significantly increased in the lungs of strain 43816 

infected mice.  MCP-1, capable of recruiting circulating monocytes was also significantly 

increased in the lungs of these mice.  Correlating with increased MIP-2 and KC, 

myeloperoxidase (MPO) activity, an indirect measurement of neutrophil numbers, in the 

lungs of 43816 infected mice was significantly elevated compared to uninfected control 

animals.  In contrast, lung homogenates from IA565 infected mice contained baseline 

levels of MIP-2, KC and MCP-1 and MPO levels were essentially equal to those seen in 

uninfected controls (Figure III.2C).  These data indicate that, at this time point, IA565 

infected mice do not display enhanced neutrophil and macrophage recruitment into the 

pulmonary airspace. 

 

Kinetics of chemokine induction and bacterial clearance during IA565 infection 

 Since cytokine levels and MPO levels were at baseline levels by 24 hours post 

inoculation, IA565 infected mice were analyzed at earlier time points to determine 

whether a rapid but transitory immune response was responsible for the rapid clearance 

of this strain.  Mice were challenged with 2x 105 CFU of strain IA565 and analyzed at 2, 

12, and 24 hours post infection.  Significant bacterial clearance is seen within 2 hours 
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post infection and decreased by 10-fold at 12 hours post inoculation with no detectable 

levels by 24 hours (Table III.1).  Interestingly, a transitory but significant increase in the 

production of MIP-2 and KC was noted at 2 hours post infection which suggests that a 

rapid influx of neutrophils very early during the course of infection may contribute to the 

rapid bacterial clearance observed. 

 

Kinetics of bacterial clearance and chemokine induction in neutrophil-depleted mice 

IA565 infected mice  

 Neutrophils were depleted in vivo by intraperitoneal inoculation of an anti-Ly6G 

monoclonal antibody 18 hours prior to intratracheal inoculation of strain IA565 to 

determine their contribution during K. pneumoniae IA565 infection.  Surprisingly, these 

neutrophil depleted mice displayed 100% survival even at high doses (Figure III.3) 

indicating that neutrophils are not required for survival of IA565 infected mice. 

 To determine the kinetics of bacterial clearance from the lungs, neutrophil 

depleted mice were analyzed 2, 6, 12, 24 and 48 hours post infection (Table III.2).  A 

delay in bacterial clearance was seen in the lungs of neutrophil depleted IA565 infected 

mice as compared to wild-type infected untreated animals.  By 24 hours post infection, 

lungs in the anti-Ly6G treated animals contained approximately 5 x 104 CFU.  However, 

by 48 hours post infection, 70% of the animals treated with IA565 contained no 

detectable bacteria while the remaining 30% contained only 100-300 bacteria.  MPO 

activity was measured to confirm neutrophil depletion.  At the later time points, 12 and 

24 hours post infection, MPO activity was at or below baseline levels seen in uninfected 

control animals.  However, at 2 hours post infection, the MPO activity in these mice was  
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Figure III.3 Lack of Mortality in IA565 Infected Neutrophil-Depleted Mice
Mice were intratracheally inoculated with 5 x 103 and 9 x 104 CFU of strain
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curves were generated with 5 mice per group per dose.
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significantly higher than wild type baseline levels (Table III.2, p < 0.01).  This correlated 

with the same transitory increase in MIP-2 and KC seen in wild-type infected animals 

(Table III.1), peaking at 2 hours post infection before returning to baseline levels by 48 

hours.  Interestingly, there was a delayed yet significant induction of MCP-1 with levels 

peaking at 12 hours post infection and remaining elevated thru 24 hours before 

decreasing to near baseline levels by 48 hours (Table III.2).  These data suggest that there 

is delayed recruitment of monocytes in response to neutrophil deficiency, resulting in 

delayed but eventual clearance of bacteria from the lungs. 

 

Kinetics of bacterial clearance and chemokine induction in alveolar macrophage-

depleted IA565 infected mice 

Since the lack of neutrophils did not increase IA565 bacterial burden in the lungs 

or induce mortality in these mice, the role of AMφs during IA565 pulmonary infection 

was investigated.  AMφs were depleted in vivo by intranasal inoculation of clodronate 

liposomes.  In addition, both neutrophils and AMφs were depleted to determine if lack of 

these two important phagocytic cells will induce mortality in IA565 infected mice (Figure 

III.4).  Surprisingly, these AMφ depleted and AMφ and neutrophil depleted IA565 

infected mice displayed 100% survival indicating that both neutrophils and AMφs are not 

required for survival of IA565 infected mice. 

To determine the kinetics of bacterial clearance from the lungs, neutrophil 

depleted and AMφ plus neutrophil depleted mice were analyzed 12, 24, 48, and 72 hours 

post IA565 infection at a dose of 106 CFU (Figure III.5A).  In addition, lung cytokine 

levels were also assessed for production of MIP-2, KC, MCP-1 and MIP-1α (Figure  
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Figure III.5 Bacterial Burden and Chemokine Induction in IA565 Infected 
Immunocompromised Mice
Mice were infected with 1.4 x 106 CFU of strain IA565 and analyzed at the 
indicated timepoints.  White bars, wild-type infected mice, grey bars,
neutrophil depleted mice, and black bars, neutrophil and alveolar
macrophage depleted mice.  (A) Bacterial burden from the lung of infected animals
are for the entire tissue. The dotted line represents the limit of detection.  
(B) Chemokine production was assessed from total lung homogenates by ELISA.  

The dotted line represents the amount of cytokine levels in the lungs of uninfected
control animals: 2pg/mL for MIP-2, 208pg/mL for KC, 12pg/mL for MCP-1, 

and 6pg/mL for MIP-1α.  Data were generated from one experiment with 3 mice
per group.  
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III.5B). Mice depleted of neutrophils plus AMφs had higher levels of bacteria in the lungs 

compared to the wild-type and neutrophil depleted mice at all time points analyzed.  By 

48 and 72 hours post infection, the wild-type and neutrophil depleted mice, respectively, 

no longer had detectable levels of CFU in the lung.  Interestingly, the AMφs and 

neutrophil depleted mice still had high levels of CFU by 72 hours post infection (Figure 

III.5A) suggesting that these cell types combined play an important role for the rapid 

clearance of strain IA565 from the lungs. 

 In addition, the levels of MIP-2 and MCP-1 correlated quite well with bacterial 

CFU in the lungs remaining high at 12 hours post infection for wild-type animals and 

high at 12-48 hours for neutrophil depleted mice and AMφ and neutrophil depleted mice 

(Figure III.5B).  Wild-type infected animals produced basal levels of KC, MCP-1 and 

MIP-1α at these time points.  Production of these cytokines in the other infected mouse 

groups were high at earlier time points, but decreased at the later time points. 

 

Bacterial clearance in T and B cell, AMφ, and neutrophil deficient IA565 infected mice 

To determine if the presence of natural antibodies play a role in IA565 clearance, 

RAG1-/- mice, with and without αGr-1 plus clodronate liposome treatment, were infected 

with 8 x 105 CFU of strain IA565 and sacrificed at 4 days post infection (Figure III.6).  

Day 4 lung CFU levels in the neutrophil and AMφ depleted mice were slightly above the 

limit of detection and the majority of the RAG1-/- untreated mice had no detectable CFU 

in the lungs.  However, CFU levels in the RAG1-/- treated mice were slightly higher than 

those in both the infected RAG1-/- untreated mice and wild-type treated mice suggesting 

that the absence of neutrophils, AMφs and T and B cells result in delayed clearance of 
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IA565 from the lungs at this time point (Figure III.6).  However, the levels were not 

statistically significant.   

 Furthermore, to determine whether or not the function of T and B cells in the 

clearance of IA565 is due to the production and presence of natural antibodies in the 

lungs, RAG1-/- treated mice were intraperitoneally (IP) injected with 1mL of wild type 

uninfected serum (Figure III.6).  IP administration of normal, non-immunized wild-type 

mouse serum into infected RAG1-/- treated mice seemed to increase IA565 CFU levels in 

the lungs suggesting that natural antibodies present in the serum of mice do not play a 

role in IA565 clearance (Figure III.6, p = 0.03).  However, the outlier in the RAG1-/- 

treated group may be contributing to the statistical significance observed.  In addition, 

these observations may not be biologically significant as the lung CFU levels in these 

animals were near the limit of detection and animals displayed no mortality.  Thus, 

clearance of strain IA565 from the lungs of these animals is not due to the presence of 

natural antibodies. 

  

Lack of mortality in TNFα and IFNγ depleted IA565 infected mice 

 As stated in the previous chapter, the proinflammatory cytokines TNFα and 

IFNγ are essential for host defense during pulmonary K. pneumoniae.  To determine the 

contributions of each during K. pneumoniae IA565 infection, mice were injected 

intraperitoneally with an anti-TNFα and an anti-IFNγ neutralizing monoclonal antibody 2 

hours before intratracheal infection with strain IA565 (Figure III.7).  Surprisingly, these 

TNFα and IFNγ neutralized mice displayed 100% survival even at high doses indicating 

that these cytokines are not required for the survival of IA565 infected mice. 
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Figure III.6 Day 4 Lung CFU in IA565 Infected RAG1-/- Mice
Mice were intranasally inoculated with 7.8 x 105 CFU of strain IA565.  Lungs were
harvested at day 4 post infection.  Treated mice were given αGr-1 to deplete 
neutrophils and clodronate lipsomes to deplete alveolar macrophages.  Serum was
given as described in Materials and Methods.  Data are from two independent 
experiments with 5-8 mice per group.  Bars in each group represent the
median value of CFU numbers.  LOD, limit of detection.
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Figure III.6 Day 4 Lung CFU in IA565 Infected RAG1-/- Mice
Mice were intranasally inoculated with 7.8 x 105 CFU of strain IA565.  Lungs were
harvested at day 4 post infection.  Treated mice were given αGr-1 to deplete 
neutrophils and clodronate lipsomes to deplete alveolar macrophages.  Serum was
given as described in Materials and Methods.  Data are from two independent 
experiments with 5-8 mice per group.  Bars in each group represent the
median value of CFU numbers.  LOD, limit of detection.
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Figure III.7 Survival of IA565 Infected TNFα and IFNγ Depleted Mice
Mice were intratracheally inoculated with 5 x 103 and 9 x 104 CFU of strain
IA565 and overall survival was determined for 7 days post infection.  Survival
curves were generated with 5 mice per group per dose.
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Figure III.7 Survival of IA565 Infected TNFα and IFNγ Depleted Mice
Mice were intratracheally inoculated with 5 x 103 and 9 x 104 CFU of strain
IA565 and overall survival was determined for 7 days post infection.  Survival
curves were generated with 5 mice per group per dose.  
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In vitro growth characterizations of K. pneumoniae strain IA565 

 Although K. pneumoniae strain 43816 and IA565 are clinical isolates and express 

the prototypical virulence factors associated with K. pneumoniae pathogens, the in vivo 

characterization of strain IA565 indicates that it is avirulent, rapidly cleared, and elicits 

little to no host responses in the lungs.  Therefore, any in vitro differences existing 

between the two that could explain the dissimilarity in in vivo pathogenicity were 

investigated. 

 To determine if any growth differences in culture media exist between strain 

IA565 and 43816 to account for the lack of pathogenicity of IA565, growth in rich tryptic 

soy broth (TSB), phosphate buffered saline (PBS), mouse whole blood (WB), and cell-

free bronchoalveolar lavage fluid (BALs) was determine for both strains (Figure III.8).  

Growth in BALs fluid would address the question of whether or not surfactant and/or 

other non-cellular lung proteins can affect growth.  In addition, growth in whole blood 

addresses the question of whether or not complement can alter their growth.  In PBS 

media, strain IA565 and 43816 did not grow, with the bacteria remaining viable. 

Conversely, in mouse whole blood, TSB and cell-free BAL fluid, both strains grew 

equally well indicating that there are no growth defects, i.e. biochemical defects, 

associated with either strain and that non-cellular host innate defense components in the 

lungs and blood do not alter growth of these strains as well. 
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Lipopolysaccharide quantification of strain 43816 and IA565 

 As stated earlier, even though the capsular serotypes for both strains are different, 

studies have shown that the capsule alone does not confer pathogenicity.  Therefore, the 

relative amount of LPS, another major virulence factor, on both strains was quantified 

using a Limulus amebocyte lysate (LAL) assay (Figure III.9).  LAL is an aqueous extract 

of blood cells (amebocytes) from the horseshoe crab, Limulus polyphemus.  Figure III.9A 

illustrates the standard curve generated in this assay using known amounts of LPS.  The 

concentration is expressed as endotoxin units (EU)/mL and corresponds to the measured 

OD at 405nm.  Supernatants from overnight cultures of both strains (plated in duplicate), 

LPS-free reagent water (LRW) and TSB were used in this assay (Figure III.9B).  The 

negative control, LRW, did not react to Pyrochrome LAL as indicated by low absorbance 

in contrast to TSB, which had an OD of 0.504.  It was not surprising to detect LPS 

reactivity in TSB medium since the broth contains bacterial lysate.  The mean absorbance 

for IA565 and 43816 culture supernatants were 0.852 and 0.848, respectively.  Even with 

subtracting out the absorbance from the TSB control, there is still significant LPS 

reactivity in the culture supernatants of these strains.  However, there were no significant 

differences between the two strains suggesting that lack of LPS does not account for the 

in vivo pathogenicity differences observed between IA565 and 43816. 
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Figure III.9 LAL assay for K. pneumoniae LPS Quantification
The supernatants of overnight cultures of strain IA565 and 43816 grown in TSB at 37ºC 
were used in this assay and incubated with Pyrochrome LAL.  (A) The curve generated 
from serial dilutions of known amounts of LPS.  The units of concentration is given as 
endotoxin units per mL (EU/mL).  (B) The mean absorbance at 405nm of IA565 and 
43816 culture supernatants, LPS-free reagent water (LRW), and tryptic soy broth 
(TSB).
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Figure III.9 LAL assay for K. pneumoniae LPS Quantification
The supernatants of overnight cultures of strain IA565 and 43816 grown in TSB at 37ºC 
were used in this assay and incubated with Pyrochrome LAL.  (A) The curve generated 
from serial dilutions of known amounts of LPS.  The units of concentration is given as 
endotoxin units per mL (EU/mL).  (B) The mean absorbance at 405nm of IA565 and 
43816 culture supernatants, LPS-free reagent water (LRW), and tryptic soy broth 
(TSB).
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In vitro peritoneal macrophage phagocytosis of K. pneumoniae strain IA565 and 43816 

 To assess the ability of strain IA565 and 43816 to be phagocytosed by 

macrophages, an in vitro phagocytosis assay was performed on freshly isolated, non-

elicited peritoneal macrophages (PMφs) from B6 mice (Figure III.10). PMφs were 

incubated with opsonized, FITC-labeled IA565 or 43816 bacteria for 30 minutes at a 

bacterium to macrophage ratio of 100:1.  Values were expressed as relative fluorescence 

units calculated based on fluorescent standards.  In one experiment, phagocytosis of 

strain IA565 and 43816 was essentially equivalent while in the other experiment 

phagocytosis of strain IA565 was slightly higher than strain 43816 (Figure III.10, p = 

0.04). 

 An additional in vitro PMφ killing experiment was done with IA565 and 43816 

bacteria with or without prior incubation in 5% normal mouse serum.  Incubation in 

mouse serum was performed to address the question of whether or not opsonized bacteria 

would be killed more efficiently by these cell types.  Briefly, in one experiment, bacterial 

cells were incubated for 30 and 90 minutes in wells with and without PMφs at a cell to 

bacterial ratio of 1:1.  This experiment was repeated, but bacteria were incubated with 5% 

normal mouse serum before addition to PMφs in culture (Figure III.11).  At 30 minutes 

post incubation, the presence of PMφs did not seem to affect the viability of bacteria in 

culture.  This was also the case with opsonized bacteria.  However, after 90 minutes in 

culture, non-opsonized 43816 did not grow as vigorously in the presence of PMφs than 

without suggesting that the PMφs were phagocytosing 43816 cells.  Surprisingly, at 90 

minutes post-incubation, non-opsonized IA565 grew better in the presence of PMφs than 

in culture alone.  Incubation of opsonized 43816 and IA565 with PMφs resulted in 
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Figure III.10 In Vitro Peritoneal Macrophage Phagocytosis of FITC-labeled
43816 and IA565 Bacteria
Non-elicited peritoneal macrophages from C57BL/6J mice were isolated and
cultured 1:100 with opsonized FITC-labeled bacteria in duplicates for each
experiment.  *, p = 0.04.
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Figure III.11 In Vitro Peritoneal Macrophage Killing Assay
Freshly isolated, non-elicited PMφs from C57BL/6J mice
were incubated with 106 CFU of IA565 or 43816 at a bacteria to cell 
ratio of 1:1.  Bacterial cells were also incubated in 5% normal mouse
serum before addition to PMφs.  Data were obtained from one 
experiment and are represented as a percentage of input bacteria
calculated from the number of bacteria that grew out of the aliquot 
taken at 30 and 90 minutes post incubation divided by the total 
bacteria added at 0 minutes.
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 inhibition of growth when compared to wells containing opsonized bacteria alone. 

 Cytospin slides were prepared from PMφs incubated with strain IA565 and 43816 

at a bacterium to cell ratio of 100:1.  Cells were harvested at 30, 45-60 and 90 minutes 

post co-incubation from 2 independent experiments.  A total of 400 peritoneal 

macrophages were counted and the numbers of intracellular, phagocytosed bacteria were 

determined.  This was done to calculate the PMφ phagocytic index (PI) for each strain 

(Table III.3).  The PI index for strain IA565 is higher than that for strain 43816; however, 

there was no statistical significance indicating that the difference in in vivo pathogenicity 

of these two strains cannot be correlated with these in vitro data. 

  

In vivo alveolar macrophage phagocytosis of K. pneumoniae strain IA565 and 43816 

 Because of the inconsistencies in the above mentioned in vitro experiments and 

the use of a less relevant cell type (PMφ) to study pulmonary pathogens, an in vivo 

pulmonary phagocytosis assay was performed to address the susceptibility or resistance 

to alveolar macrophage (AMφ) phagocytosis of both strains.  BALs were performed 2 

hours post intratracheal inoculation with 105 and 106 CFU of strain 43816 and IA565 and 

4 hours post inoculation with 106 CFU of strain 43816 and IA565.  Cytospin slides were 

prepared (Table III.4) with Figure III.12 showing a representative image of strain 43816 

and IA565 phagocytosed by AMφs.  The calculated PI index for strain IA565 was 

significantly higher than that for strain 43816, but only at 2 hours post inoculation at the 

high dose and not at the lower dose.  Furthermore, at 4 hours post inoculation, both 

strains had similar PI indexes.  This suggests that resistance to phagocytosis early on  
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Figure III.12 In Vivo Alveolar Macrophage Phagocytosis of K. pneumoniae
Representative images of the cytospins are shown for strain IA565 (A) and 
43816 (B) infected mice at 400X.  Arrows point to bacterial cells contained 
within the alveolar macrophages.

Figure III.12 In Vivo Alveolar Macrophage Phagocytosis of K. pneumoniae
Representative images of the cytospins are shown for strain IA565 (A) and 
43816 (B) infected mice at 400X.  Arrows point to bacterial cells contained 
within the alveolar macrophages.
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during infection likely contributes to the virulence of strain 43816.  Conversely, the 

enhanced early phagocytosis and clearance of strain IA565 may explain its avirulence in 

the murine host.  Interestingly, at all the time points, the lung CFU in IA565 inoculated 

animals was significantly lower than in 43816 infected animals.   

 BAL supernatants were also analyzed for protein cytokine levels of MIP-2, KC, 

MIP-1α, MCP-2 and TNFα (Table III.5).  Although, no significant cytokine level 

differences were seen in the BAL fluid from these infected mice. 

 Collectively, these results suggest that although AMφ enhanced phagocytosis of 

strain IA565 may contribute to its rapid clearance, other factors are most likely playing a 

role in its avirulence. 

 

Adherence and invasion of 43816 and IA565 into type II alveolar epithelial cell lines 

 Since the enhanced phagocytosis of strain IA565 seems to only partially account 

for lack of virulence, lung epithelial adherence and invasion, as other host mechanisms 

responsible for IA565 avirulence, were explored.  One of the key steps in bacterial 

pathogenesis is intimate attachment to host cell surfaces.  Because the bronchial and lung 

epithelium comprises a large surface area and can be a primary target during lung 

infection, these are ideal cell types to use to assess the role of epithelial cells during K. 

pneumoniae pathogenesis.  The A549 and MLE-12 cell lines are both well differentiated 

epithelial cells with many of the characteristics of type II alveolar pneumocytes, 

including surfactant production and expression of differentiated cell markers [11-13]. 

 In this study, the human, A549, and murine, MLE-12, type II lung epithelial cell 

lines were used in in vitro adhesion and invasion assays to determine if there are any  
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Table III.5 Alveolar Macrophage In Vivo Phagocytosis:  

BAL Supernatant ELISAa 
        

  
Time point and 

Dose Strain MIP-2 KC MIP-1α MCP-1 TNFα 
        

 2hr       
  control - - - 0.063 (.001) - 

 2.8 x 105 43816 0.573 (0.3) - 0.008 (0.002) 0.076 (0.002) 0.142 (0.02)

 1.4 x 105 IA565 0.684 (0.2) 0.401 (0.2) 0.030 (0.01) 0.078 (0.005) 0.335 (0.1) 
        
 2hr       
  control - - - 0.058 (0) n.d. 

 1.4 x 106 43816 0.307 (0.1) 0.064 (0.03) 0.047 (0.01) 0.079 (0.002) n.d. 

 1.4 x 106 IA565 0.327 (0.09) 0.031 (.03) 0.032 (0.01) 0.075 (0.01) n.d. 
        
 4hr       
  control - - - 0.063 (0.001) - 

 1.1 x 106 43816 1.002 (0.2) 1.626 (0.2) ++ 0.131 (0.007) 1.118 (0.2) 

 1.3 x 106 IA565 0.868 (0.05) 1.144 (0.3) 0.555 (0.3) 0.198 (0.03) 0.542 (0.2) 
                

  
aBAL fluid was isolated from mice 2-4 hours post intratracheal inoculation and protein ELISAs 
were performed as described in Materials and Methods.  Data from the 2 hour time point at 106 
dose are from 2 independent experiments with 9-10 animals per group.  The remaining data are 
from one experiment with 4-5 animals per group.   
Data are presented as mean (SEM) in ng/mL. 
n.d. = no data.  ++ = levels were above the upper limit of the standard curve.   
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differences between strains IA565 and 43816 to account for their in vivo virulence.  

IA565 and 43816 bacteria were incubated with A549 and MLE-12 cells and adhesion 

was assessed after short incubation times and vigorous washing to remove loosely 

adhered bacteria (Figure III.13).  For bacterial invasion assays using A549 cells, a similar 

method was performed, but after vigorous washing, cells were incubated with 

gentamycin, to kill extracellular bacteria, and then lysed to release the intracellular 

bacteria (Figure III.14).   

 There were no significant differences in adherence and invasion of IA565 and 

43816 bacteria into A549 cells (Figure III.13A and Figure III.14).  Similar adherence and 

invasion properties of IA565 and 43816 are not surprising since both are human clinical 

isolates.  One would assume that since both are able to cause human respiratory disease, 

they would also behave the same way in vitro using a human cell line.  On the other hand, 

if the in vivo pathogenicity of both strains were different in humans, the adherence and 

invasion data would contradict that observation and illustrate the disconnect between in 

vivo and in vitro modeling.  However, the pathogenicity of each strain in humans is 

unknown. 

 In Figure III.13B, there is a trend for a greater adherence of IA565 bacteria to 

MLE-12 cells when compared to 43816 bacteria.  No statistics could be run because there 

were too few data points from the two experiments.  However, this trend could explain 

the virulence associated with strain 43816.  Although adherence is an important step 

during pathogenesis, binding to epithelial cells and triggering an immune response would 

not be a desired effect if immune evasion was a virulence strategy.  Therefore, the 

enhanced ability of strain IA565 to adhere to MLE-12 cells could promote their detection  
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Figure III.13 Adherence of IA565 and 43816 to A549 and MLE-12 cells
A549 (A) and MLE-12 (B) cell monolayers were exposed
to IA565 and 43816 bacteria at a cell to bacteria ratio of about 1:100.  
At various times post co-incubation, the cells were vigorously washed, 
trypsinized (A549) or scrapped (MLE-12) and lysed.  An aliquot of this 
suspension was plated and bacteria CFU after treatment was determined.  
Data are presented as a percent of total bacteria that adhered and are 
from two independent experiments.
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Figure III.13 Adherence of IA565 and 43816 to A549 and MLE-12 cells
A549 (A) and MLE-12 (B) cell monolayers were exposed
to IA565 and 43816 bacteria at a cell to bacteria ratio of about 1:100.  
At various times post co-incubation, the cells were vigorously washed, 
trypsinized (A549) or scrapped (MLE-12) and lysed.  An aliquot of this 
suspension was plated and bacteria CFU after treatment was determined.  
Data are presented as a percent of total bacteria that adhered and are 
from two independent experiments.
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Figure III.14 Invasion of 43816 and IA565 bacteria into A549 cells
A549 cell monolayers were exposed to IA565 and 43816 bacteria  
at a cell to bacteria ratio of about 1:100.  At various times post co-incubation, 
the cells were vigorously washed, incubated with gentamycin, trypsinized, 
and lysed.  An aliquot of this suspension was plated and bacteria CFU after 
treatment was determined.  Data are presented as a percent of total bacteria that 
adhered and are from two independent experiments.

60 90 105 120
0.00

0.01

0.02

0.03

0.04

0.05

0.06
43816
IA565

Time (min)

%
  T

ot
al

  I
nt

ra
ce

llu
la

r
B

ac
te

ri
a

Figure III.14 Invasion of 43816 and IA565 bacteria into A549 cells
A549 cell monolayers were exposed to IA565 and 43816 bacteria  
at a cell to bacteria ratio of about 1:100.  At various times post co-incubation, 
the cells were vigorously washed, incubated with gentamycin, trypsinized, 
and lysed.  An aliquot of this suspension was plated and bacteria CFU after 
treatment was determined.  Data are presented as a percent of total bacteria that 
adhered and are from two independent experiments.
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and rapid activation of the immune response to phagocytose and clear this organism from 

the murine host. 

 Cytokine levels in the supernatants of these cultures were also analyzed via 

ELISA to detect any differences between IA565 and 43816 induced cytokine production 

in these cells.  Supernatants of MLE-12 cells incubated with IA565 and 43816 bacteria 

were harvested at 3, 6 and 12 hours post co-incubation (Table III.6).  Levels of MIP-2, 

KC, TNFα, IL-10 or IL-12 were not detected.  And of those cytokines that were detected, 

MCP-1, RANTES, and IP-10, no significant differences were observed.  Supernatants of 

A549 cells incubated with IA565 and 43816 bacteria were harvested at 6 and 24 hours 

post co-incubation (Figure III.15).  There were no significant differences in the levels of 

IL-8, RANTES, and MCP-1 in the supernatant of A549 cells cultured with 43816 and 

IA565 bacteria (Figure III.15A, B and C, respectively).   

 

Effect of D-mannose on adherence to MLE-12 cells and survival of IA565 and 43816 

infected mice 

 As stated in the previous chapter, type 3 fimbriae binding to cell surfaces are not 

inhibited by mannose whereas type 1 fimbrial mediated binding is mannose-sensitive.  To 

determine the potential contribution of type 1 fimbriae during K. pneumoniae adherence 

to MLE-12 cells, two independent adherence assays were carried out with or without the 

presence of D-mannose (Figure III.16A and B).  In the first experiment, strain IA565 

adherence to MLE-12 cells was inhibited with the addition of D-mannose at 120 minutes 

post incubation (Figure III.16A).  However, this trend was not seen in the second 

experiment and at 45 and 75 minutes post incubation, addition of D-mannose increased  
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Table III.6 Supernatant Cytokine Analysis of MLE-12 Cells  
Cultured with K. pneumoniaea 

        

 Time point Sample 
bacteria to 
cell ratio MCP-1 RANTES IP-10  

        
 3hr control  0.08 (0.01) - -  
  43816 1:1 0.216 (0.03) - 0.003 (0.003)  
   100:1 0.200 (0.02) - 0.005 (0.003)  
  IA565 1:1 0.195 (0.004) - 0.006 (0.01)  
   100:1 0.167 (0.03) 0.016 (0.02) 0.024 (0.01)  
        
 6hr control  0.120 (0.01) 0.067 (0.01) 0.013 (0.001)  
  43816 1:1 0.198 (0.01) 0.091 (0.006) 0.046 (0.01)  
   100:1 0.197 (0.01) 0.107 (0.01) 0.064 (0.02)  
  IA565 1:1 0.194 (0.03) 0.121 (0.01) 0.071 (0.002)  
   100:1 0.152 (0.02) 0.081 (0.005) 0.065 (0.01)  
        
 12hr control  0.109 (0.02) 0.140 (0.02) 0.031 (0.002)  
  43816 1:1 0.157 (0.01) 0.232 (0.01) 0.113 (0.001)  
   100:1 0.201 (0.04) 0.257 (0.01) 0.209 (0.02)  
  IA565 1:1 0.113 (0.003) 0.319 (0.02) 0.122 (0.004)  
     100:1 0.120 (0.005) 0.240 (0.01) 0.163 (0.01)  

 
a Supernatants were harvested from MLE-12 cells incubated with strain IA565 and 43816 
as described in Materials and Methods.  For control samples, wells were in duplicates and 
experimental samples were plated in triplicates.  Data are presented as mean (SEM) in 
ng/mL and are from one experiment. 
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Figure III.15 Supernatant Cytokine Analysis of A549 Cells 
Cultured with K. pneumoniae
Supernatants were harvested from A549 cells incubated with
strain IA565 and 43816 at a bacterium to cell ratio of 10:1 
and 100:1 at 6 and 12 hour time points.  Levels of IL-8 (A), 
RANTES (B) and MCP-1 (C) are shown.  Experimental 
samples were plated in duplicate.  Data are from two 
independent experiments. 
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Figure III.15 Supernatant Cytokine Analysis of A549 Cells 
Cultured with K. pneumoniae
Supernatants were harvested from A549 cells incubated with
strain IA565 and 43816 at a bacterium to cell ratio of 10:1 
and 100:1 at 6 and 12 hour time points.  Levels of IL-8 (A), 
RANTES (B) and MCP-1 (C) are shown.  Experimental 
samples were plated in duplicate.  Data are from two 
independent experiments.  
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Figure III.16 Effect of D-Mannose on In Vitro Adherence and In Vivo Survival
MLE-12 cell monolayers were exposed to IA565 and 43816 bacteria at a cell to 
bacteria ratio of about 1:100 (A) and 1:500 (B) in duplicates.  D-mannose at a 
concentration of 50mg/mL was added.  At various times post co-incubation, the 
cells were vigorously washed, scraped of the culture dish and lysed.  Bacterial 
CFU after treatment was determined.  Data are presented as a percent of total 
bacteria that adhered.  (C) C57BL/6J mice were intranasally inoculated with 8 x 
103 CFU of strain 43816 and 8 x 105 CFU of strain IA565 at day 0.  Mice were 
intranasally injected with 15μL of 1mM D-mannose at day 1, 2, and 3 post 
infection.  Data are from one experiment with 4 animals per group.
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IA565 adherence (Figure III.16B).  These data suggest that IA565 and 43816 binding to 

MLE-12 cells is type 1 fimbriae independent. 

 To determine if D-mannose will alter the outcome of infection, C57BL/6J mice 

were intranasally infected with 8 x 103 CFU of 43816 and 8 x 105 CFU of strain IA565 

and were intranasally given 15μL of 1mM D-mannose at day 1, 2 and 3 post infection 

(Figure III.16C).  Addition of D-mannose did not change the outcome of disease for 

43816 infected animals (LD100) and IA565 infected animals (LD0).  If during 43816 

infection a decrease in mortality was observed, D-mannose would presumably be 

blocking or inhibiting a virulence trait.  If an increase in mortality was seen in IA565 

infected animals, D-mannose would presumably serve a function that allows strain IA565 

to cause disease.  However, it is possible that the amount of D-mannose given was not 

enough to observe any biological phenotypes.  Thus, D-mannose did not alter the 

outcome of infection in these mice. 

 

Strain IA565 stably colonizes the nasal cavity of wild-type and immunocompromised 

mice 

 Since K. pneumoniae strain IA565 is rapidly cleared from the lungs of mice, its 

ability to colonize the mucosal surfaces of the nasal cavity was investigated.  C57BL/6J 

wild-type untreated, neutrophil, and AMφ and neutrophil depleted mice were intranasally 

inoculated with 1.4 x 106 CFU of strain IA565.  Bacterial CFU levels in the nasal cavity 

were assessed at 12, 24, 48 and 72 hours post inoculation (Figure III.17A).  At each time 

point, the levels of strain IA565 CFU in the immunocompromised mice were slightly  
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Figure III.17 Nasal Cavity CFU of IA565 Infected Wild-Type and
Immunocompromised Mice
Wild-type, neutrophil, and AMφ and neutrophil depleted C57BL/6J mice 
(A) were intranasally inoculated  with 1.4 x 106 CFU of strain IA565 and 
the nasal cavity was harvested at the indicated time points for CFU.  Data 
were generated from one experiment with 3 mice per group.  C57BL/6J 
mice (B) were inoculated with 106 CFU of strain IA565 and the nasal cavity 
CFU was determined.  Data were generated from two independent 
experiments for a total of 10 mice per group. Nasal cavity bacterial 
numbers are for the entire organ.  LOD, limit of detection.
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Figure III.17 Nasal Cavity CFU of IA565 Infected Wild-Type and
Immunocompromised Mice
Wild-type, neutrophil, and AMφ and neutrophil depleted C57BL/6J mice 
(A) were intranasally inoculated  with 1.4 x 106 CFU of strain IA565 and 
the nasal cavity was harvested at the indicated time points for CFU.  Data 
were generated from one experiment with 3 mice per group.  C57BL/6J 
mice (B) were inoculated with 106 CFU of strain IA565 and the nasal cavity 
CFU was determined.  Data were generated from two independent 
experiments for a total of 10 mice per group. Nasal cavity bacterial 
numbers are for the entire organ.  LOD, limit of detection.  
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higher than wild type untreated mice.  However, this was not statistically significant 

because of the small number of data points.  In addition, for each group at each time 

point, the CFU levels remained constant indicating that strain IA565 not only colonizes 

the nasal cavity of immunocompetent and immunocompromised mice at similar levels, 

this colonization is stable showing no decrease in bacterial numbers 3 days post 

inoculation. 

 To determine how long strain IA565 can be detected in the nasal cavity, 

C57BL/6J wild-type mice were intranasally inoculated with 106 CFU of strain IA565.  

Bacterial levels were determined at week 1, 2 and 3 post challenge (Figure III.17B).  

Surprisingly, there are still significant levels of IA565 in the nasal cavity even at 3 weeks 

post inoculation suggesting that IA565 colonizes this site both stably and persistently. 

  

Strain IA565 stably colonizes the nasal cavity of germ-free mice 

 Because immunodeficiency did not significantly affect the ability of strain IA565 

to colonize the nasal cavity, Swiss Webster germ-free (GF) mice were intranasally 

challenged with this strain to determine whether the absence of the normal mucosal 

microbiota in the upper respiratory tract would alter IA565 colonization.  Figure III.18 

shows the CFU levels of strain IA565 at day 1, 7, and 21 post intranasal challenge in 

C57BL/6J, Swiss Webster, and Swiss Webster GF mice.  Although the CFU levels at day 

21 were lower than day 1 levels of each group, there are still significant amounts of 

IA565 bacteria in the nasal cavity even at 3 weeks post inoculation.  Furthermore, similar 

to the results obtained from the immunodeficient mice; bacterial levels were not 

statistically different between the wild-type and GF mice.  These data suggest that, unlike  
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the lungs, strain IA565 is not rapidly cleared from the nasal cavity and can stably and 

persistently colonize this organ in immunocompetent, immunodeficient and germ-free 

mice.  Thus, upper respiratory tract colonization of strain IA565 is unaffected by host 

innate defenses and presence of the normal microbiota. 

 

Generation of antibiotic resistant strains of IA565 to examine GI tract colonization 

 From the previous data, strain IA565 exhibits commensal behavior.  Because the 

GI tract houses more than 99% of the normal microflora, the ability of strain IA565 to 

colonize this area was determined.  Strain IA565S, a streptomycin resistant derivative of 

IA565, and strain IA565pAM401, IA565 transformed with pAM401 containing a 

chloramphenicol resistance gene, were generated to easily culture out and quantify GI 

tract colonization of these strains.  C57BL/6J mice were pretreated with cephoperazone, a 

broad-spectrum antibiotic, for 4 days in their drinking water and then given normal water 

for 24 hours.  These mice were then orally gavaged with 107 CFU of IA565pAM401 and 

IA565S on 2 consecutive days (day 0 and 1).  The small and large intestine and cecum 

were harvested at day 2 and 7 to determine GI tract CFU (Figure III.19).  For both strains, 

the CFU levels dropped about 3-5 logs from day 2 to day 7 post gavage.  However, 

IA565pAM401 day 7 GI tract CFU levels seemed to decrease more so than day 7 levels 

of IA565S from their respective day 2 levels.  This greater difference in bacterial 

numbers of IA565pAM401 was attributed to the absence of selective pressure to keep the 

chloramphenicol resistance marker.  Since the acquired streptomycin resistance of strain 

IA565S is due to a chromosomal mutation and has been shown to be stable and difficult 

to eliminate [14], IA565S was used for the remainder of these studies.  Figure III.20  
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Figure III.20 Growth Curve of IA565 and IA565S
In 50mLs of LB medium, 108 CFU of strain IA565 and IA565S was inoculated
and incubated at 37ºC while shaking at 125rpm.  Aliquots were taken and plated
for CFU approximately every hour. 
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shows an identical growth curve of both IA565 and IA565S indicating no growth defects 

in this derivative. 

 

Gastrointestinal tract colonization of wild-type mice with strain IA565S 

 To determine the ability of IA565S to colonize the GI tract for longer periods of 

time, C57BL/6J mice were orally gavaged twice with 107 CFU of strain IA565S for 2 

consecutive days after cephoperazone treatment.  The GI tract CFU levels were assessed 

at days 6, 13, and 20 post gavage (Figure III.21).  IA565S bacterial CFU were similar for 

each organ analyzed at each time point suggesting that this strain can both stably and 

persistently colonize the GI tract of mice. 

 

Gastrointestinal tract colonization of germ-free and gnotobiotic mice with strain IA565S 

 Since upper respiratory tract colonization of strain IA565 is not affected by the 

absence of the normal microbiota, strain IA565S GI tract colonization of GF mice was 

determined to see if the colonization of this mucosal site is also independent of the 

normal flora.  Swiss Webster wild-type and GF mice were intranasally inoculated with 

106 CFU of strain IA565S.  GI tract CFU levels were analyzed at day 7 and day 21 post 

challenge (Figure III.22).  Unlike in the nasal cavity (Figure III.18), the absence of the 

mucosal microbiota significantly increases the colonization levels of strain IA565S in the 

GI tract (Figure III.22, white and black bars at each time point in each organ, p < 0.0001).  

The GI tract CFU in GF mice were about 104-106 fold higher than those levels in 

conventionally reared animals.  These data suggest that the presence of the microflora in 

wild-type mice suppresses the growth of strain IA565S. 
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Figure III.21 Long Term IA565S Gastrointestinal Tract Colonization in Mice
C57BL/6J mice were orally gavaged with 107 CFU of strain IA565S for two 
consecutive days after 4 days of cephoperazone treatment.  On day 6, 13, and 20 
post initial gavage, the small and large intestine and cecum were harvested for CFU 
analysis.  Data were generated from one experiment with 4 mice per group. 
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 Furthermore, Swiss Webster mice containing only the 8 strains of the altered 

Schaedler flora (ASF) were orally gavaged 3 times with 106 CFU of strain IA565S (day 

0, 2, and 4).  IA565S bacterial levels in the GI tract were analyzed at day 7, 14 and 21  

post gavage (Figure III.23).  Interestingly, not only were bacterial CFU levels in each 

organ at each time point significantly higher in the ASF mice than wild-type mice (p < 

0.05), IA565S CFU levels fell between those recorded for the GF and wild-type mice.  

 Collectively, these data suggest that IA565S can both stably and persistently 

colonize the GI tract of mice.  However, the level of IA565S colonization is dictated by 

the number of commensals in the gut.  That is, there seems to be an indirectly 

proportional relationship between IA565S colonization and normal levels of the gut 

microflora. 

 

Disease progression during murine colitis is unaffected in the presence of IA565 

 Data thus far indicate that strain IA565 can stably and benignly colonize the GI 

tract of mice.  As stated in Chapter I, there are commensals in the GI tract that are known 

to be probiotic benefiting the host in maintaining overall good health and even alleviating 

symptoms associated with IBD.  To assess the probiotic potential of IA565S during 

intestinal inflammation, two different murine models of colitis, induced by dextran 

sodium sulfate treatment and Citrobacter rodentium infection, were used and progression 

of disease was monitored.  Figure III.24 A and B shows the experiment set-up used in the 

C. rodentium and DSS model, respectively.  Both DSS and C. rodentium treated mice 

developed diarrhea at day 3-4 post treatment with the former treatment being both severe 

and bloody.  The oral gavage of strain IA565S into these treated mice did not reduce or  
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Figure III.23 IA565S GI Colonization of Swiss Webster ASF Mice
Altered Schaedler flora Swiss Webster mice were orally gavaged with 106 CFU of 
strain IA565S at day 0, 2 and 4. Data were generated from one experiment with 2 
mice per group. GI organs were harvested on day 7, 14 and 21 post inoculation 
and assessed for CFU. SI, small intestine; LI, large intestine.
p < 0.05: Control mice vs ASF mice, except for SI on day 21.
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Figure III.23 IA565S GI Colonization of Swiss Webster ASF Mice
Altered Schaedler flora Swiss Webster mice were orally gavaged with 106 CFU of 
strain IA565S at day 0, 2 and 4. Data were generated from one experiment with 2 
mice per group. GI organs were harvested on day 7, 14 and 21 post inoculation 
and assessed for CFU. SI, small intestine; LI, large intestine.
p < 0.05: Control mice vs ASF mice, except for SI on day 21.
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Figure III.24 Experimental Setups for Induction of Murine Colitis
Setup for Citrobacter rodentium (A) and 3% dextran sodium sulfate, 
DSS (B) induced intestinal inflammation and IA565S inoculation.
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Figure III.24 Experimental Setups for Induction of Murine Colitis
Setup for Citrobacter rodentium (A) and 3% dextran sodium sulfate, 
DSS (B) induced intestinal inflammation and IA565S inoculation.
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eliminate diarrhea.  In addition, colons were removed for histological analysis from these 

mice to visualize the degree of inflammation induced (Figure III.25).  The colons of both 

wild-type (Figure III.25A) and IA565S alone mice (Figure III.25B) display 

characteristics of a normal colonic mucosa with the crypts being straight, well-defined, 

and sitting on the muscularis mucosae.  Thus, strain IA565 colonizes the GI tract very 

well and the host does not show signs of gastrointestinal damage indicating that strain 

IA565 behaves like a commensal.   

 No differences were noted in the C. rodentium alone (Figure III.25C) and IA565S 

and C. rodentium (Figure III.25D) groups.  The colons from both groups displayed heavy 

inflammatory cell infiltrate (black arrowhead) and colonic hyperplasia (overall denser 

staining compared to wild-type and IA565S alone).  Characteristic of C. rodentium 

induced inflammation, there is significant loss of crypt morphology with elongation 

(double headed arrows) and mucosal thickening (box) indicating an overall strong 

inflammatory response.  Pretreatment with IA565S also did not affect the histological 

outcome of DSS treatment.  DSS alone (Figure III.25E) and IA565S and DSS treated 

(Figure III.25F) mice were similar in that both colons exhibited inflammatory cell 

infiltrate (black arrowheads), severe submucosal edema (line with arrow), and crypt 

destruction and elongation (double headed arrows).  DSS treated mice also displayed 

more structural damage compared to C. rodentium infected mice already indicating 

significant differences in induced inflammation between these 2 colitis models.   

 In the DSS model, C57BL/6J mice were orally gavaged with strain IA565S with 

or without 3% DSS administration.  Another group of mice were given 3% DSS only.  

The weight of these mice was recorded (Figure III.26).  The average weight of IA565S  

 122



 

 

Fi
gu

re
 II

I.2
5 

R
ep

re
se

nt
at

iv
e 

C
ol

on
 H

is
to

lo
gy

 o
f M

ic
e 

w
ith

 In
du

ce
d 

C
ol

iti
s

Sw
is

s r
ol

ls
 d

is
pl

ay
in

g 
th

e 
no

rm
al

 c
ol

on
ic

 m
uc

os
a 

w
er

e 
pr

ep
ar

ed
 fr

om
 w

ild
-ty

pe
 (A

) a
nd

 
IA

56
5S

 g
av

ag
ed

 m
ic

e 
(B

). 
 C

ol
on

 ti
ss

ue
 fo

r C
. r

od
en

tiu
m

(C
) a

nd
 C

. r
od

en
tiu

m
an

d 
IA

56
5S

 
(D

) t
re

at
ed

 m
ic

e 
w

er
e 

ta
ke

n 
at

 1
4 

da
ys

 p
os

t C
. r

od
en

tiu
m

in
oc

ul
at

io
n.

 C
ol

on
 ti

ss
ue

 fo
r 3

%
 D

SS
 

(E
) a

nd
 3

%
 D

SS
 a

nd
 IA

56
5S

 (F
) t

re
at

ed
 m

ic
e 

w
er

e 
pr

ep
ar

ed
 a

t 7
 d

ay
s p

os
t 3

%
 D

SS
 tr

ea
tm

en
t. 

D
ou

bl
e-

he
ad

ed
 a

rr
ow

s s
ho

w
 c

ry
pt

 d
es

tru
ct

io
n 

an
d 

el
on

ga
tio

n 
(  

   
   

   
). 

 T
he

 b
ox

 h
ig

hl
ig

ht
s 

m
uc

os
al

 th
ic

ke
ni

ng
 ( 

   
   

 ).
 B

la
ck

 a
rr

ow
s i

nd
ic

at
e 

ed
em

a 
(  

  
). 

 B
la

ck
 a

rr
ow

he
ad

s i
nd

ic
at

ed
 

le
uk

oc
yt

e 
in

fil
tra

te
 ( 

   
 ).

  I
m

ag
es

 o
n 

th
e 

le
ft 

ar
e 

at
 4

0X
 m

ag
ni

fic
at

io
n 

an
d 

im
ag

es
 o

n 
th

e 
rig

ht
 

at
 1

00
X

 m
ag

ni
fic

at
io

n.

Fi
gu

re
 II

I.2
5 

R
ep

re
se

nt
at

iv
e 

C
ol

on
 H

is
to

lo
gy

 o
f M

ic
e 

w
ith

 In
du

ce
d 

C
ol

iti
s

Sw
is

s r
ol

ls
 d

is
pl

ay
in

g 
th

e 
no

rm
al

 c
ol

on
ic

 m
uc

os
a 

w
er

e 
pr

ep
ar

ed
 fr

om
 w

ild
-ty

pe
 (A

) a
nd

 
IA

56
5S

 g
av

ag
ed

 m
ic

e 
(B

). 
 C

ol
on

 ti
ss

ue
 fo

r C
. r

od
en

tiu
m

(C
) a

nd
 C

. r
od

en
tiu

m
an

d 
IA

56
5S

 
(D

) t
re

at
ed

 m
ic

e 
w

er
e 

ta
ke

n 
at

 1
4 

da
ys

 p
os

t C
. r

od
en

tiu
m

in
oc

ul
at

io
n.

 C
ol

on
 ti

ss
ue

 fo
r 3

%
 D

SS
 

(E
) a

nd
 3

%
 D

SS
 a

nd
 IA

56
5S

 (F
) t

re
at

ed
 m

ic
e 

w
er

e 
pr

ep
ar

ed
 a

t 7
 d

ay
s p

os
t 3

%
 D

SS
 tr

ea
tm

en
t. 

D
ou

bl
e-

he
ad

ed
 a

rr
ow

s s
ho

w
 c

ry
pt

 d
es

tru
ct

io
n 

an
d 

el
on

ga
tio

n 
(  

   
   

   
). 

 T
he

 b
ox

 h
ig

hl
ig

ht
s 

m
uc

os
al

 th
ic

ke
ni

ng
 ( 

   
   

 ).
 B

la
ck

 a
rr

ow
s i

nd
ic

at
e 

ed
em

a 
(  

  
). 

 B
la

ck
 a

rr
ow

he
ad

s i
nd

ic
at

ed
 

le
uk

oc
yt

e 
in

fil
tra

te
 ( 

   
 ).

  I
m

ag
es

 o
n 

th
e 

le
ft 

ar
e 

at
 4

0X
 m

ag
ni

fic
at

io
n 

an
d 

im
ag

es
 o

n 
th

e 
rig

ht
 

at
 1

00
X

 m
ag

ni
fic

at
io

n.

 

 123



 

 

 124



 

 

 125



 

 

 126



 

  

 

 

 

0 1 2 3 4 5 6 7
15.0
15.5
16.0
16.5
17.0
17.5
18.0
18.5
19.0

IA565S

*

IA565S + 3% DSS
3% DSS alone

Time (days)

W
ei

gh
t (

g)

Figure III.26 Weight of IA565S Infected DSS-Treated Mice
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and DSS treated mice were found to be significantly lower than that of the other groups 

(p < 0.005).  However, as stated before, IA565S treatment did not reduce diarrhea or 

intestinal inflammation (Figure III.25F) suggesting that the difference in weight may be 

statistically significant but not biologically significant.   

 Collectively, these results indicate that strain IA565S cannot alleviate or prevent 

any of the disease manifestations during these models of murine colitis. 

 

Alteration of gastrointestinal colonization of strain IA565 during murine colitis 

 To assess the potential alteration of IA565S GI tract colonization during intestinal 

inflammation induced by DSS treatment and C. rodentium infection, fecal pellets and GI 

tracts were collected and analyzed for IA565S CFU levels.  For the C. rodentium model, 

C57BL/6J mice were orally gavaged with strain IA565S alone, C. rodentium alone, or 

IA565S and C. rodentium.  Fecal pellets from these mice were collected to indirectly 

assess for CFU levels of both IA565S and C. rodentium in the GI tract (Table III.7).  

IA565S fecal CFU numbers in the IA565S alone group were at constant levels of around 

103-104 CFU/g feces.  IA565S fecal CFU levels in the IA565S and C. rodentium group 

were also constant from day 1-7, decreased dramatically at day 9 and day 11, and then 

jumped back from undetectable amounts to levels around 104 CFU/g feces.  The amounts 

of C. rodentium bacteria in the C. rodentium alone and the IA565S and C. rodentium 

group peaked at day 9 and day 5, respectively at around 107 CFU/g before returning to 

around 104-105 CFU/g feces.  These mice were sacrificed at day 14 and GI tract organs 

were harvested for CFU analysis (Figure III.27).  The bacterial levels of IA565S in both 

the IA565S alone and IA565S and C. rodentium group were similar for each of the  
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organs (white and hatched bars).  And, except for the large intestine CFU of the C. 

rodentium alone group, similar bacterial levels of C. rodentium were also seen for the C. 

rodentium alone and IA565S and C. rodentium group.  The increase in the large intestinal 

C. rodentium CFU levels were only seen in one of the two experiments.  In the second 

experiment, similar bacterial levels of C. rodentium were seen for both the C. rodentium 

alone and IA565S and C. rodentium group.  Fecal pellet CFU titers at day 13 of each 

group seemed to correlate with the day 14 large intestinal CFU levels except for the C. 

rodentium alone group.  The large intestinal CFU for that group was around 107 CFU/g 

whereas the fecal pellet CFU was around 105 CFU/g.  Thus, C. rodentium induced 

intestinal inflammation did not alter IA565S GI tract colonization. 

 In the DSS model, C57BL/6J mice were orally gavaged with strain IA565S with 

or without 3% DSS administration.  Another group of mice were given 3% DSS only.  

Fecal pellets were collected and analyzed for CFU (Figure III.28A).  There were no 

differences observed in the fecal pellet IA565S CFU levels in either group at each of the 

time points (Figure III.28A).  At day 7 post DSS treatment, the GI tract organs were 

harvested for CFU analysis.  Interestingly, day 7 GI tract IA565S CFU levels between the 

IA565S alone and IA565S and DSS treated group were significantly different (Figure 

III.28B, p < 0.0005).  With DSS treatment, the GI tract colonization of strain IA565S 

increases dramatically in contrast to colonization levels during C. rodentium infection 

(Figure III.27). 

 Collectively, these data indicate that DSS induced, but not C. rodentium induced, 

intestinal inflammation significantly alters the gastrointestinal colonization ability of K. 

pneumoniae strain IA565. 
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Discussion 

 

Mechanisms determining lung colonization and infectious outcome of strain IA565 

 In culture, strain 43816 and IA565 both grow equally well in tryptic soy broth, 

phosphate buffered saline, mouse whole blood and bronchoalveolar lavage fluid (Figure 

III.8).  However, when these strains are used in a murine model of acute bacterial 

pneumonia, the dissimilarity in pathogenesis is extreme.  Murine challenge with strain 

IA565 induces no mortality and is very rapidly cleared from the lungs with low levels of 

chemokine induction (Figure III.2).  Astonishingly, this is also observed in IA565-

challenged mice that are depleted of TNFα, IFNγ, neutrophils, alveolar macrophages, and 

T and B cells (Figure III.4, 6-7).  Conversely, during K. pneumoniae 43816 pulmonary 

infection, the lack of pro-inflammatory cytokines and innate phagocytic cells leads to 

significant increases in bacterial burden and mortality.   

 Strain 43816 may just also be an atypical pathogenic strain of K. pneumoniae.  It 

is most commonly used in murine models of pneumonia because of its virulence.  There 

have been comparative studies performed using various K. pneumoniae isolates in murine 

models of pneumonia.  Specifically, Yadav et al. noticed a difference in the rate of 

clearance and level of persistence in the lungs between two K. pneumoniae, K2 strains, 

43816 and B5055 [15].  Strain 43816 persisted longer in the host with higher levels of 

CFU in the lungs compared to strain B5055.  In another study, a rat model was also 

established which displays classical symptoms for K. pneumoniae pneumonia found in 

humans using clinical isolates with two varying serotypes [16].  These strains displayed 

differences in their ability to establish chronic lobar pneumonia with only one causing 
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significant lung pathology, further emphasizing the K. pneumoniae strain specificity 

associated with establishing respiratory tract infections.  The point being that the 

biological readouts, i.e., high bacterial loads and significant mortality, associated with 

strain 43816 respiratory infection is not common to or representative of all K. 

pneumoniae strains. 

 It is possible that within the lung environment, strain 43816 harbors a genetic 

factor, absent in strain IA565, which confers some growth advantage and thus enabling 

strain 43816 to cause disease.  Several such factors have been described in other 

pulmonary pathogens.  In Cryptococcus neoformans, glucosylceramide (GlcCer) is a 

glycosphingolipid located on the fungal cell surface.  Using a C. neoformans GlcCer 

mutant, this molecule was found to be critical for C. neoformans growth in the 

extracellular but not the intracellular environment of the lung [17].  GlcCer was shown to 

facilitate fungal cell cycle progression during growth in neutral/alkaline pH 

environments, such as the lung alveolar spaces [17].  In addition, a defect in the Nox-2 

gene in Group B Streptococcus (GBS), which encodes for a H2O-forming NADH 

oxidase, reduced virulence by only affecting aerobic growth of this mutant [18].  

Anaerobic growth of the nox2 mutant was indistinguishable from the wild-type GBS 

strain.  These studies show that even genetic factors involved in various metabolic 

functions can play an important role in the virulence of pulmonary pathogens. 

 The inability of strain IA565 to grow in the lung even in extremely 

immunosuppressive conditions could be attributed to the lack of metabolic factors that 

would otherwise enable it to grow in the specialized environment of the alveolar space. 

Another possibility is that non-cellular components of the lung are restricting IA565 
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growth.  Surfactant, defensins, complement, lysozyme, lactoferrin, and cathelicidins are a 

few of many airway secretion components involved in innate antimicrobial defenses [19].  

A vast majority of those compounds serve as opsonins facilitating and enhancing 

phagocytosis.  However, since during the absence of phagocytic cells, strain IA565 is still 

unable to grow and persist in the lungs, it is unlikely that opsonins play a significant role 

in its avirulence (Figure III.4 and III.5). 

 In this study, using a well established murine model of acute bacterial pneumonia, 

IA565 does not cause respiratory disease because it is unable to grow and persist in the 

lung environment.  The host factors identified in this study that are not responsible for 

this lack of growth are the proinflammatory cytokines, TNFα and IFNγ, neutrophils, 

alveolar macrophages and T and B cells.  In the absence of these factors, strain IA565 is 

still unable to grow to high titers and persist in the pulmonary airspace.  Thus, either 

some genetic property of strain IA565 is inhibiting lung growth or other innate immunity 

factors within the lung is prohibiting IA565 growth in this compartment.   

 

Mechanisms determining mucosal tissue colonization of strain IA565 

 In normal, healthy animals, lungs are kept sterile by effective host defense 

mechanisms with bacteria generally confined to the upper respiratory tract [20].  

Intranasal instillation of K. pneumoniae strain IA565 is immediately cleared in the lungs 

by phagocytes of the innate defense system.  However, this strain is able to stably and 

persistently colonize the nasal cavity of wild-type mice out to 3 weeks post inoculation.  

Furthermore, mice that are depleted of neutrophils and alveolar macrophages displayed 

the same levels of IA565 CFU in the nasal cavities as wild-type mice with these 
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immunodeficient mice displaying no pulmonary disease manifestations (Figure III.17).  

Thus, in the lung, an area of the host that is normally colonized by bacteria both poorly 

and sparsely, strain IA565 is unable to take advantage of the induced deficiencies in the 

host defense mechanisms to establish a pulmonary infection.  This suggests that strain 

IA565 lacks virulence mechanisms to cause disease.  However, this strain is capable of 

colonizing the upper respiratory tract where other microbes are normally confined to in 

healthy animals.  These results, coupled with the fact that K. pneumoniae is part of the 

normal flora of both humans and mice, indicate that K. pneumoniae strain IA565 may 

behave more like a commensal organism than an opportunistic pathogen. 

 Since the gastrointestinal tract houses more than 99% of the normal microflora, 

the ability of strain IA565 to colonize this mucosal site was investigated.  In wild-type 

mice orally and intranasally instilled with a streptomycin resistant derivative of IA565, 

IA565S, significant bacterial titers of this strain can be found in the GI tract even at 3 

weeks post inoculation (Figure III.21).  Thus this strain is also able to stably and, most 

importantly, benignly colonize the GI tract of mice. 

 Furthermore, in the absence of the normal microbiota, the colonization levels of 

this strain increases in the gut, but remains the same in the nasal cavity as compared to 

CFU levels in wild-type mice (Figure III.18 and III.22).  There are several possibilities to 

explain this interesting observation.  First, some bacterial genetic factor could be limiting 

IA565 nasal cavity growth, giving the impression that nasal cavity colonization is 

independent of the microbiota.  Variation in oxygen tolerance of anaerobes is reported to 

be related to superoxide dismutase levels, an enzyme that neutralizes superoxide radicals 

generated from molecular oxygen [21].  K. pneumoniae is a facultative anaerobe but 
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growth in the presence of high oxygen levels could be limiting growth in the nasal cavity 

of both wild-type and germ-free mice, imposing a colonization threshold for this 

bacterium.  Second, the nasal cavity and the GI tract are 2 very different environments 

with their own defined niches for bacterial colonization.  Many microbes have been 

shown to monocolonize the GI tract at levels of 108-109 CFU/g intestinal tissue [22-24].  

And, although the CFU levels of the normal microbiota are not quantifiable because of 

culturing limitations, these studies suggest that the GI tract is capable of accommodating 

a certain maximum load of microbial CFU.  This may not be the case in the nasal cavity.  

It has been reported that certain terminal carbohydrate structures in the mucin of the 

murine nasal cavity can dictate susceptibility to bacterial colonization [25].  Thus, nasal 

cavity colonization, even in the absence of normal flora, can be limiting and adhesion 

sites not as accessible or promiscuous as the GI tract. 

 Interestingly, IA565S colonization of altered Schaedler flora (ASF) mice was not 

as robust as in GF mice, but was more so than wild-type, conventionally reared mice 

(Figure III.23).  It is important to mention that the data from the ASF experiment were 

generated from one experiment with 2 mice at each time point.  Nonetheless, the 

variations between each of the mice were minimal and CFU levels were found to be 

statistically significant when compared to those of wild-type and GF mice.  This suggests 

that at least one of the ASF strains has the ability to either actively limit IA565S 

colonization via secretion of inhibitory compounds; passively do so by minimizing 

available adhesion sites and/or available nutrients; or a combination of both.   

 The 8 murine commensal strains colonizing ASF mice are listed in Table I.1.  Not 

much work has been done with Mucispirillum schaedleri (ASF457), Eubacterium 
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plexicaudatum (ASF492), and Firmicutes sp. (ASF500).  However, Lactobacillus species 

have long been known to secrete a variety of antimicrobial compounds including organic 

acids, hydrogen peroxide and bacteriocins, bioactive peptides with bactericidal effects on 

other microbes [26, 27].  In one study, L. murinus, isolated from rat feces, was grown in 

culture and secreted compounds were purified and found to inhibit in vitro growth of 

many enteric pathogens including E. coli, Enterococcus faecalis, Salmonella 

typhimurium, and Shigella sonnei [28].  A Clostridium species, isolated from 

conventional mice, was orally given to gnotobiotic mice followed by Shigella flexneri 

inoculation.  This limited S. flexneri growth to below limits of detection in the GI tract 

[29].  Furthermore, culture filtrates of Bacteroides distasonis was shown to inhibit 

polymorphonuclear cell chemotaxis and migration in vitro [30].  Thus, 5 of the 8 ASF 

strains (ASF360, ASF361, ASF356, ASF519 and ASF 502) are likely candidates in 

limiting strain IA565S growth either by inhibiting host functions, secreting antimicrobial 

products or by some other mechanism of colonization resistance. 

 Because strain IA565 can colonize the GI tract so stably and in such high titers in 

wild-type and GF mice without causing sickness, its ability to elicit health benefits during 

murine colitis was examined.  The use of probiotics in murine models of colitis has been 

previously described.  In Citrobacter rodentium induced colitis, administration of 

Bacillus subtilis spores, Lactobacillus rhamnosus, and L. acidophilus attenuated the 

effect of C. rodentium in those mice as measured by decreased CFU levels in the colon 

and decreased enteropathology in the colonic tissue [31-34].  In models of dextran 

sodium sulfate (DSS) induced colitis, mice orally given DSS and E. coli Strain Nissle 

1917 resulted in alleviation of body weight loss and colonic damage when compared to 
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mice treated with DSS only [35, 36].  However, oral administration of strain IA565S did 

not prevent or reduce diarrhea, weight loss or intestinal inflammation in these C. 

rodentium and DSS treated mice (Figure III.25 and III.26) indicating that strain IA565 

does not behave like a probiotic in these models. 

 Interestingly, IA565S GI CFU levels in DSS treated mice were significantly 

higher than those in DSS only treated mice (Figure III.28B).  In contrast, C. rodentium 

infection did not alter IA565S CFU titers in the GI tract (Figure III.27).  This may be 

attributed to the inherent differences in initiation of inflammation during DSS and C. 

rodentium induced colitis. 

 During self-limiting C. rodentium intestinal infections, there is heavy 

inflammatory cell infiltration of the mucosa and submucosa with lymphocytes, 

macrophages, neutrophils and mast cells [8].  T and B cells have been shown to mediate 

much of the tissue pathology observed during C. rodentium infection [37].  The T-

lymphocytes present during inflammation are in environments of high IFNγ, TNFα, and 

IL-12 levels and are, thus, Th1 polarized [38].  In addition, keratinocyte growth factor, 

responsible for epithelial cell proliferation, is upregulated on the mucosal epithelium 

during C. rodentium infection [38].  This observation is consistent with the crypt cell 

hyperplasia seen during C. rodentium infection.  The increase in epithelial cell 

proliferation leads to a significant increase in crypt depth and is proposed to facilitate 

host shedding of infected cells [39].  C. rodentium induced hyperplasia is reversible with 

the crypt cells and length returning to normal after the bacteria is cleared. 

 In contrast, DSS treatment immediately destroys intestinal crypt cells before the 

presence of inflammation [10] resulting in colonic mucosal permeability to luminal 
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bacteria or bacterial products.  DSS-induced inflammation is not dependent on T, B, or 

NK cells as mice deficient in these cell types still develop colitis [40, 41].  DSS was 

found to be toxic to epithelial cells causing injury [41, 42] as well as to inhibit colonic 

epithelial cell proliferation [43, 44].  Furthermore, normal interaction between intestinal 

lymphocytes and epithelial cells may be disrupted since DSS can aggregate T cells in 

vitro on extracellular matrix plates [42]. 

 The intestinal epithelial cell layer plays a vital role in mucosal tolerance and 

immunity [45].  Commensal bacteria and their products are usually denied access to the 

mucosa via the epithelial cell barrier which consists of mucin glycoproteins, 

antimicrobial peptides and secretory IgA [46].  In IBD patients and murine models of 

IBD, there is primary epithelial cell defects leading to permeability [10, 47] as well as the 

requirement of T cells to maintain the chronic inflammatory state [48].  Thus, the 

intestinal epithelium may be involved in regulating mucosal T cells.  The significant 

increase in IA565S colonization during DSS-induced inflammation may be due to 

epithelial cell damage not present during C. rodentium induced inflammation.  This cell 

damage results in uncontrolled mucosal permeability to microbes and unregulated T cell 

responses that create an environment conducive to IA565 intestinal overgrowth. 

 Collectively, these data indicate that K. pneumoniae strain IA565 is truly a murine 

commensal organism colonizing the upper respiratory and gastrointestinal tract in stable 

and persistent levels.  This strain does not behave like probiotic organism eliciting 

beneficial and alleviative effects during murine models of IBD.  However, its growth can 

be affected by intestinal epithelial cell damage when mucosal tolerance to the microbiota 

is dysregulated.   
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 Moreover, the presence of the normal microbiota in the GI tract can suppress 

growth of strain IA565, whereas in the microbiota in the nasal cavity has no effect on 

IA565 colonization in that mucosal site.  During non-specific inflammation generated 

during DSS treatment, IA565 growth is increased suggesting that the dysregulation of 

inflammatory processes has a direct effect on commensal GI growth.  This is further 

supported by the fact that during specific inflammatory processes generated towards the 

self-limiting, enteric pathogen, C. rodentium, the GI colonization of IA565 is unaffected.  

Thus, the results from this study shed light on the mechanisms regulating mucosal tissue 

colonization of strain IA565. 

 These studies are the first to characterize host responses to K. pneumoniae strain 

IA565, a murine commensal, in a pneumonia model and to identify host mechanisms 

modulating its growth in two distal mucosal sites. 
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Chapter IV 

Identification of Putative Virulence Factors in a Pathogenic Strain of K. pneumoniae 

using a PCR-based Subtractive Hybridization Approach 

 

Introduction 

  

 K. pneumoniae strain 43816 is an extremely virulent murine pathogen while K. 

pneumoniae strain IA565 exhibits commensal behavior.  To identify the genetic factors 

that allow K. pneumoniae strain 43816 to cause disease, a PCR-based suppressive 

subtractive hybridization (SSH) technique was performed. 

 Subtractive hybridization has been used to identify pathogenicity islands, mobile 

genetic elements and differences in virulence gene expression in a variety of different 

pathogens including Salmonella spp [1, 2], E. coli [3, 4], H. pylori [5], and K. 

pneumoniae [6].  Employing the same PCR-based SSH technique used in this study, 

uniquely expressed K. pneumoniae sequences were found to be highly homologous to the 

Bordetella pertussis BvgAS gene [6].  BvgAS encodes a two-component signal 

transduction system that has been shown to play an important role in pathogenesis [7, 8].  

The BvgS homologue in K. pneumoniae, KvgS, was mutated via introduction of an 

internal deletion and the resulting mutant was found to be as virulent as the parental 

strain in a mouse peritonitis model [9].  
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 The major problems associated with subtractive hybridization are the difficulty in 

isolating a complete spectrum of differentially represented clones as well as full length 

clones.  PCR-based SSH yields only small cDNA or genomic fragments making it hard to 

determine how many different clones are represented in the subtraction products.  

However, with the increase in DNA sequencing of microbial genomes and those 

procedures becoming more efficient, it may be possible to analyze those short fragments 

using microbial genome chips thus circumventing the aforementioned problems.   

 In this technique, the nucleic acid population from which one wants to isolate 

unique sequence (the tester) is hybridized to complementary nucleic acids that are 

believed to lack sequences of interest (the driver).  Higher concentrations of driver 

nucleic acid must be present during the hybridization step as it dictates the speed of the 

reannealing reaction.  Using single-stranded driver sequences is most efficient since the 

concentration of driver only slightly decreases as driver-tester duplexes are formed.  Over 

time, driver-driver hybrids will compete with the reaction decreasing concentrations of 

driver sequences and reducing subtraction efficiency [10].  After tester and driver 

populations are allowed to hybridize, driver-tester hybrids and unhybridized driver are 

removed constituting the subtraction step.  The tester-tester sequences remaining can be 

enriched using many positive selection methods, all of which require the tester population 

to be pretreated or labeled in some way before hybridization occurs. 

 Tester nucleic acid can be initially treated with the Klenow fragment of DNA 

polymerase I in the absence of nucleotides to trim the 3’ ends.  This is followed by 

addition of deoxynucleotide thiotriphosphates to protect the tester-tester end products and 

not tester-driver and unhybridized driver sequences from exonuclease activity [11].  
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Alternatively, the tester population is prepared by restriction endonuclease digestion to 

generate sticky ends while driver sequences are not.  After hybridization, the reaction 

mixture is combined with DNA ligase and a vector with the corresponding sticky ends to 

clone only tester-tester duplexes efficiently.  The positive selection method used in this 

study involved the ligation of specific primer binding sites to the ends of tester sequences 

to allow exponential amplification of tester-tester hybrids and only linear amplification of 

tester-driver duplexes. 

 In this study, using PCR-based genomic DNA and cDNA SSH, 9 DNA sequences 

unique to pathogenic K. pneumoniae strain 43816 were identified and found to be highly 

homologous to enteric bacterial genes regulating iron uptake, fimbrial-mediated 

adhesion, energy production and conversion, transcriptional regulation, signal 

transduction, restriction endonuclease activity and membrane transport.   
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Results 

 

Identification of uniquely expressed sequences present in strain 43816 

 To identify the presence of putative virulence factors in the pathogenic strain of 

K. pneumoniae 43816, a PCR-based suppressive subtractive hybridization (SSH) 

technique was used to enrich for DNA sequences present in strain 43816 but not the 

nonpathogenic IA565 strain (Figure IV.1).  This approach can identify genomic DNA 

differences as well as gene expression differences using synthesized cDNA from total 

RNA.  Clontech’s PCR-Select™ Bacterial Genome Subtraction and PCR-Select™ cDNA 

Subtraction kit protocols were performed on both genomic DNA and total cDNA from 

strain IA565 and 43816 (Figure IV.1, Step A).  DNA fragments obtained from both 

subtractions were cloned (Figure IV.1, Step B) and then used in a differential screening 

protocol to help minimize the background of high non-differentially expressed sequences 

present in the subtraction mixture (Figure IV.1, Step C).   

 In step A, genomic and cDNA from strain 43816 and IA565 were isolated and 

RsaI-digested.  43816 sequences were subdivided into 2 portions and each was ligated to 

either Adaptor 1 or Adaptor 2R.  Two hybridizations were performed and the 

differentially expressed sequences were PCR amplified using primers complementary to 

the adaptor sequences.  Step A for both the cDNA and genomic SSH is shown in Figure 

IV.2 and IV.3, respectively. 

 151



Rsa1-digestion

Total RNA or genomic DNA,
(total nucleic acid, NA)

ds tester NA
ds driver NA

First Hybridization

driver NA in excess

Tester NA with
Adaptor 1

Tester NA with
Adaptor 2R

NAs common to driver and tester

NAs unique to driver, self-hybridization

differentially expressed tester NA

NAs unique to tester, self-hybridization

Fill in ends
Exponentially amplify

+

PCR bacterial colonies from transformation
experiment to confirm presence of NA in

vector

Array PCR products on nylon membranes
to generate NA dot blots

Probe with 32P-dCTP labeled NAs from
tester population

Second Hybridization 
(generate templates for PCR 
amplification from differentially 
expressed sequences)

Figure IV.1 Suppressive Subtractive Hybridization Protocol
Modified from BD Clontech Manual.  The protocol is broken up into 
step A-C and are referred to later on in the Results Section.

A

B

C

Rsa1-digestion

Total RNA or genomic DNA,
(total nucleic acid, NA)

ds tester NA
ds driver NA
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Tester NA with
Adaptor 1
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NAs common to driver and tester

NAs unique to driver, self-hybridization

differentially expressed tester NA

NAs unique to tester, self-hybridization

Fill in ends
Exponentially amplify

+

PCR bacterial colonies from transformation
experiment to confirm presence of NA in

vector

Array PCR products on nylon membranes
to generate NA dot blots

Probe with 32P-dCTP labeled NAs from
tester population

Second Hybridization 
(generate templates for PCR 
amplification from differentially 
expressed sequences)

Rsa1-digestion

Total RNA or genomic DNA,
(total nucleic acid, NA)

ds tester NA
ds driver NA

First Hybridization

driver NA in excess

Tester NA with
Adaptor 1

Tester NA with
Adaptor 2R

NAs common to driver and tester

NAs unique to driver, self-hybridization

differentially expressed tester NA

NAs unique to tester, self-hybridization

Fill in ends
Exponentially amplify

+

PCR bacterial colonies from transformation
experiment to confirm presence of NA in

vector

Array PCR products on nylon membranes
to generate NA dot blots

Probe with 32P-dCTP labeled NAs from
tester population

Second Hybridization 
(generate templates for PCR 
amplification from differentially 
expressed sequences)

Figure IV.1 Suppressive Subtractive Hybridization Protocol
Modified from BD Clontech Manual.  The protocol is broken up into 
step A-C and are referred to later on in the Results Section.

A

B

C
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A                                                          B

C                                                          D

Figure IV.2 cDNA Subtractive Hybridization Step A
A. Total RNA Isolation.  Lane 1, 1Kb ladder; Lane 2 and 3, strain 43816; and Lane 4, 

strain IA565.  The major bands represent 16S and 23S rRNA, 1.5Kb and 2.9Kb 
respectively.

B. cDNA Adaptor Ligation Efficiency.  Unmarked lanes, 100bp ladder, Lanes:
a: Adaptor 1 ligated cDNA template with 23S Forward and PCR primer 1 primers
b: Adaptor 1 ligated cDNA template with 23S Forward and Reverse primers
c: Adaptor 2R ligated cDNA template with 23S Forward and PCR primer 2 primers
d: Adaptor 2R ligated cDNA template with 23S Forward and Reverse primers
23S Forward and Reverse primer amplicons = 273bp.

C. cDNA Subtraction Results.  100bp ladder, Lane 1, 1R control, 340bp; Lane 2, 2R 
control, 200bp; Lane 3, 43816 “unique cDNA”; Lane 4, 43816 unsubtracted; Lane 
5, IA565 “unique cDNA”; Lane 6, IA565 unsubtracted.

D. PCR Analysis of Subtraction Efficiency using 23S Primers.  100bp ladder, 273bp 
amplicon.  PCR cycles 18, 23, 28 and 33.  

A                                                          B

C                                                          D

Figure IV.2 cDNA Subtractive Hybridization Step A
A. Total RNA Isolation.  Lane 1, 1Kb ladder; Lane 2 and 3, strain 43816; and Lane 4, 

strain IA565.  The major bands represent 16S and 23S rRNA, 1.5Kb and 2.9Kb 
respectively.

B. cDNA Adaptor Ligation Efficiency.  Unmarked lanes, 100bp ladder, Lanes:
a: Adaptor 1 ligated cDNA template with 23S Forward and PCR primer 1 primers
b: Adaptor 1 ligated cDNA template with 23S Forward and Reverse primers
c: Adaptor 2R ligated cDNA template with 23S Forward and PCR primer 2 primers
d: Adaptor 2R ligated cDNA template with 23S Forward and Reverse primers
23S Forward and Reverse primer amplicons = 273bp.

C. cDNA Subtraction Results.  100bp ladder, Lane 1, 1R control, 340bp; Lane 2, 2R 
control, 200bp; Lane 3, 43816 “unique cDNA”; Lane 4, 43816 unsubtracted; Lane 
5, IA565 “unique cDNA”; Lane 6, IA565 unsubtracted.

D. PCR Analysis of Subtraction Efficiency using 23S Primers.  100bp ladder, 273bp 
amplicon.  PCR cycles 18, 23, 28 and 33.  
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Figure IV.3 Genomic DNA Subtractive Hybridization Step A
A. Genomic DNA Isolation.  Lane 1, 1Kb ladder; Lane 2 and 3, strain 43816; and 

Lane 4 and 5, strain IA565. 
B. RsaI-digestion. Lane 1 and 2, E. coli control digested DNA; Lane 3, 43816 

undigested; Lane 4, 43816 digested; Lane 5, IA565 undigested; and Lane 6, IA565 
digested

C. DNA Adaptor Ligation Efficiency.  Unmarked lanes, 100bp ladder, Lanes:
a: Adaptor 1 ligated DNA template with 23S Forward and PCR primer 1 primers
b: Adaptor 1 ligated DNA template with 23S Forward and Reverse primers
c: Adaptor 2R ligated DNA template with 23S Forward and PCR primer 2 primers
d: Adaptor 2R ligated DNA template with 23S Forward and Reverse primers
23S Forward and Reverse primer amplicons = 273bp.

D. DNA Subtraction Results.  100bp ladder, Lane 1, E. coli kit control subtracted 
DNA; Lane 2, 43816 “unique DNA” #1; Lane 3, IA565 “unique DNA” #1; Lane 4, 
43816 unsubtracted DNA; Lane 5, IA565 unsubtracted.DNA; Lane 6, 43816 
“unique DNA” #2; Lane 7, IA565 “unique DNA” #2; Lane 8, E. coli subtracted 
DNA; Lane 9, 43816 unsubtracted DNA; Lane 10, IA565 unsubtracted DNA; Lane 
11, E. coli unsubtracted DNA.

E. PCR Analysis of Subtraction Efficiency using 23S Primers.  100bp ladder, 273bp 
amplicon.  PCR cycles 18, 21, 24 and 27.  Subtracted and unsubtracted #1 refers to 
43816 and subtracted and unsubtracted #2 refers to IA565.
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 Adaptor ligation efficiency was performed to verify that at least 25% of the DNA 

has adaptors on both ends.  This was done by comparing the amplification signal of the 

23S rRNA DNA to that of the PCR product generated using an adaptor primer and one of 

the 23S rRNA DNA primers.  Signal from the latter should be at least 25% of the former 

(Figure IV.1C and IV.2B). This was indeed the case for each of the subtractions.  

 Analysis of subtraction efficiency was done using 23S rRNA DNA primers 

(Figure IV.2D and IV.3E).  The presence or increased intensity of the PCR product in the 

subtracted samples should happen during later PCR cycles compared to the unsubtracted 

samples.  For both genomic and cDNA subtractions in the 18 PCR cycles lane, there is 

little to no 23S DNA amplification from the 43816 subtracted samples compared to the 

unsubtracted samples.  This indicates that the subtraction was successful in eliminating a 

common gene between strains 43816 and IA565. 

 The subtraction products from both forward subtractions, where 43816 is the 

tester, and the reverse subtractions, where IA565 is the tester, were run on a gel.  The 

banding patterns for Figure IV.2C, Lanes 3 versus 5 and for Figure IV.3D, Lanes 6 

versus 7, are visually very different indicating a large population of differentially 

expressed sequences between the 2 strains.    

 The 43816 subtraction products were cloned (Figure IV.1, Step B).  For the 

cDNA subtraction, 889 clones were obtained and for the genomic subtraction, 709 clones 

were obtained.  Bacterial colony lysate PCR was performed on the cDNA (Figure IV.4) 

and genomic DNA (Figure IV.5) clones to determine both presence and size of the 

subtraction product insert.
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Figure IV.4 cDNA Subtractive Hybridization Step B
43816 subtraction products were cloned and bacterial transformant 
colony lysate PCR was performed using T3 and T7 primers flanking
the cloning site.  Clones #: A, C101-148; B, C149-176; C, C177-232; 
D, C233-280; E, C281-334; F, C335-385; G, C389-442; H, C443-496; 
I, C497-550; J, C551-604; K, C605-658; L, C659-712; M, C713-766; 
N, C767-820; O, C821-874; and P, C875-889.  
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Figure IV.5 Genomic DNA Subtractive Hybridization Step B
43816 subtraction products were cloned and bacterial transformant
colony lysate PCR was performed using T3 and T7 primers flanking 
the cloning site.  Clones #: A, G101-154; B, G155-190; C, G191-246; 
D, G247-302; E, G303-355; F, G356-409; G, G410-463; H, G464-
517; I, G518-571; J, G572-625; K, G626-679; and L, G680-709.  
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Differential screening on cloned products from SSH technique 

 Of the 889 clones obtained from the cDNA subtraction, 437 clones were found to 

contain an insert.  Of the 709 clones obtained from the genomic DNA subtraction, 352 

clones were found to contain an insert.  Clones were grown in cultures and about 1-2μL 

of each culture were spotted in duplicate onto nylon membranes.  A differential screening 

protocol (Figure IV.1, Step C) was performed to help minimize the background of non-

differentially expressed sequences present in the subtraction mixture.   

 For the cDNA subtraction method, clones were spotted on 4 membranes which 

were incubated in the presence of radioactively labeled total 43816 cDNA, total IA565 

cDNA, 43816 subtraction products (IA565 as driver) and IA565 subtraction products 

(43816 as driver) (Figure IV.6).  Clones were considered to be differentially expressed if 

hybridization to only 43816 subtracted and unsubtracted probes occurred and if 

hybridization to only 43816 subtracted products occurred.  If hybridization occurs with 

all probes, clones that hybridized to the 43816 subtracted products with a greater than 5-

fold intensity were considered to be differentially expressed.  Of the 437 clones analyzed, 

284 of those cloned sequences were considered to be differentially expressed. 

 For the genomic subtraction method, clones were spotted onto 2 membranes 

which were then incubated in the presence of radioactively labeled total 43816 genomic 

DNA and total IA565 genomic DNA (Figure IV.7).  Clones that only hybridized to 43816 

genomic DNA were considered to be 43816 specific sequences.  Of the 709 clones 

analyzed, 107 of those cloned sequences were found to be uniquely present in strain 

43816 and absent in IA565.
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Figure IV.6 cDNA Subtractive Hybridization Step C
PCR products of cloned 43816 subtraction products were arrayed on 
nylon membranes and probed with 32P-dCTP labeled 43816 
subtraction products (upper left hand corner), IA565 subtraction
products (upper right hand corner), total 43816 cDNA (lower left hand 
corner), and total IA565 cDNA (lower right hand corner).
A, Clones C103-443; B, Clones C445-780; and C, Clones C781-888.  
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Figure IV.7 Genomic DNA Subtractive Hybridization Step C
PCR products of cloned 43816 subtraction products were arrayed on 
nylon membranes and probed with 32P-dCTP labeled 43816 total 
genomic DNA (left) and IA565 total genomic DNA (right).  
A, Clones G104-474 and B, Clones G479-708.   
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Identification of sequence homologies to cloned inserts from differential screening 

 The 284 and 107 differentially expressed cloned subtraction products from the 

cDNA subtraction and the genomic subtraction, respectively, were submitted to the 

University of Michigan DNA Sequencing Core.  Homologies to microbial genes were 

determined using the National Center for Biotechnology Information (NCBI) microbial 

genome database BLAST search engine.  The microbial genomes searched were 

Proteobacteria under the gamma subdivision of Enterobacteriales, which include the 

genera Buchnera, Candidatus, Enterobacter, Erwinia, Escherichia, Klebsiella, 

Salmonella, Serratia, Shigella, Wigglesworthia, and Yersinia.  The results are shown in 

Table IV.1.  Using the BLAST search results, clones were grouped into categories: KC, 

homologies to various Klebsiella contigs belonging to strain MGH78578; MH, multiple 

homologies to various bacteria; NSSF, no significant similarities found; and Sanger, 

homologies to the Sanger database of sequenced genomes.  KC and NSSF categorized 

sequences were also used in a BLASTx search to obtain more sequence information.  

BLASTx searches the protein database using a translated nucleotide query. 
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PCR confirmation for unique expression of sequences in strain 43816 

 Sequence specific primers were generated from 54 out of the 284 differentially 

expressed sequences from the cDNA subtraction and 27 out of the 107 unique sequences 

from the genomic DNA subtraction.  These sequences were chosen for further analysis 

because of their homologies to enteric genes that could potentially play a role in 

virulence.  They were grouped into 7 categories: regulatory proteins (RP); metabolic 

genes (M); protein secretion (P); antimicrobial, antibiotic, or stress resistance related (R); 

iron related (I); type I fimbrial associated proteins (T); and those with miscellaneous 

functions (Misc).  Total cDNA from 43816 and IA565 served as PCR templates for 

amplification using the 54 sets of primers and genomic 43816 and IA565 DNA served as 

PCR templates for the amplification using the 27 sets of primers.  The results are listed in 

Table IV.2. 

 A representative agarose gel image from this PCR confirmation experiment is 

shown using genomic 43816 and IA565 DNA for only 10 out of the 27 primer sets 

(Figure IV.8).  43816 sequence uniqueness were confirmed when a band was present 

using 43816 genomic DNA as template and absent using IA565 genomic DNA.  For 

analysis of the sequences obtained from the cDNA subtraction, using 15 and 25 PCR 

amplification cycles for each primer set did not yield a difference in band intensity for the 

total cDNA templates.  Therefore, 43816 differentially expressed sequences could only 

be confirmed when a band was present using 43816 cDNA as template and absent using 

IA565 cDNA.  The results from the subtractive hybridization are listed in Table IV.3. 
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Figure IV.8 Representative Gel of PCR Confirmation Results for Genomic DNA Subtraction
PCR primers to a subset of the cloned subtractive hybridization products were generated and PCR 
was performed on total genomic DNA or cDNA for confirmation.  This is one of the gels showing 
results using genomic DNA as a template.  In each group, 43816 wells are on the left and IA565 
wells are on the right.  
Group  1: Clone G693 that has high homology to a putative ATP-dependent Lon protease
Group  2: Clone G696, that has high homology to iroN
Group  3: Clone G255, that has high homology to IutA
Group  4: Clone G180, that has high homology to the citrate lyase gamma subunit
Group  5: Clone G387, that has high homology to ureF
Group  6: Clone G176, that has high homolgoy to a putative urea transporter
Group  7: Clone G538, that has high homolgoy to a putative transcriptional regulator/activator
Group  8: Clone G674, that has high homolgoy to Virulence Protein S
Group  9: Clone G598, that has high homolgoy to the putative fimbrial usher protein, sthB
Group 10: Clone G700, that has high homolgoy to fimD

Figure IV.8 Representative Gel of PCR Confirmation Results for Genomic DNA Subtraction
PCR primers to a subset of the cloned subtractive hybridization products were generated and PCR 
was performed on total genomic DNA or cDNA for confirmation.  This is one of the gels showing 
results using genomic DNA as a template.  In each group, 43816 wells are on the left and IA565 
wells are on the right.  
Group  1: Clone G693 that has high homology to a putative ATP-dependent Lon protease
Group  2: Clone G696, that has high homology to iroN
Group  3: Clone G255, that has high homology to IutA
Group  4: Clone G180, that has high homology to the citrate lyase gamma subunit
Group  5: Clone G387, that has high homology to ureF
Group  6: Clone G176, that has high homolgoy to a putative urea transporter
Group  7: Clone G538, that has high homolgoy to a putative transcriptional regulator/activator
Group  8: Clone G674, that has high homolgoy to Virulence Protein S
Group  9: Clone G598, that has high homolgoy to the putative fimbrial usher protein, sthB
Group 10: Clone G700, that has high homolgoy to fimD
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Discussion 

 

 Using a PCR-based suppressive subtractive hybridization technique, 9 DNA 

sequences present in K. pneumoniae strain 43816 and absent or less expressed in strain 

IA565 were identified (Table IV.3).  While the role that each of these genes potentially 

play in K. pneumoniae virulence is currently unknown, one can speculate based on the 

current understanding of the function of each gene in other bacterial species. 

 In both the genomic DNA and cDNA SSH technique, sequences DQ211084 and 

DQ211085 specific for the pathogenic strain 43816 were homologous to iroN from both 

S. typhimurium and E. coli.  Iron acquisition via secretion of low molecular weight, high 

affinity iron chelators termed siderophores has been well documented as a virulence trait 

in many enteric bacteria [12].  Clinical and environmental isolates of K. pneumoniae have 

been shown to secrete the siderophores, enterochelin (enterobactin) [13, 14].  In E. coli, 

iroN was recently found to be the siderophore receptor for enterobactin.  Additionally, 

iroN was shown to be a virulence factor in a murine model of urinary tract infection [15].  

Our findings suggest a putative iron-dependent mechanism for the pathogenicity 

observed for strain 43816 in our model of bacterial pneumonia. 

Sequences DQ211086 and DQ211087 obtained from the genomic DNA SSH 

technique were homologous to gene products involved in type I fimbriae formation in 

both S. typhimurium and E. coli, sthB and fimD, respectively.  Because K. pneumoniae is 

an extracellular pathogen, a critical step in the infectious process is adherence to host 

mucosal surfaces.  Adherence properties are mediated by fimbrial adhesions.  Klebsiella 

spp. can produce type 1 and/or type 3 fimbrial adhesions [16].  The majority of clinical 
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respiratory isolates of K. pneumoniae reportedly express type 3 fimbriae [17], suggesting 

the importance of this fimbrial type in virulence.  However, a previously constructed 

mini-Tn5 transposon mutant strain of K. pneumoniae 43816 defective in expression of 

type 3 fimbriae [18] was equally virulent following intratracheal inoculation as the 

parental 43816 strain.  This suggests that in vivo pathogenicity of strain 43816 is not 

dependent upon type 3 fimbriae expression.  However, the role of K. pneumoniae type 1 

fimbriae expression in pathogenesis is unknown.  Our findings suggest that type 1 

fimbriae may play a role in K. pneumoniae pathogenicity in our model of acute bacterial 

pneumonia.   

Sequence DQ211088 had high nucleotide sequence homology to K. pneumoniae 

gene kvgS which was also previously identified by Lai et. al. as a K. pneumoniae virulent 

strain specific sequence [6].  The group identified the virulent strain-specific sequence as 

having high homology to bvgAS, a two-component signal transduction system in 

Bordetella pertussis previously identified as a virulence factor [8].  They subsequently 

identified the sequence as gene kvgAS, a two-component system found in K. pneumoniae 

with homologies to the bvgAS system [9].  The role of the kvgAS system in K. 

pneumoniae virulence could not be established in their mouse peritonitis model since the 

pathogenicity of a kvgS deletion mutant was comparable to that of its parental strain.  

However, the role kvgS plays in our model of bacterial pneumonia is open to further 

investigation. 

 Four sequences obtained from the cDNA SSH technique were homologous to 

genes found in Pseudomonas, Salmonella and E. coli involved in energy production and 

conversion (DQ211090), transcriptional regulation (DQ211091), restriction endonuclease 
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activity (DQ211092), and membrane transport (DQ211089).  The possible involvement 

of these genes and their putative functions in K. pneumoniae in vivo pathogenicity 

remains to be established. 

 The genetic differences in our K. pneumoniae strains and their role in establishing 

pneumonia may be extremely useful in determining bacterial factors involved in the 

disease initiation and progression.  They may also aid in providing insight into the 

genetic mechanisms enabling K. pneumoniae to be an effective opportunistic pathogen.  

In addition, these sequences highlight the genetic differences between a K. pneumoniae 

opportunistic pathogen and a commensal organism.  It is interesting that the majority of 

the sequences identified in this study are not classically thought of as virulence factors.  

These include proteins involved in transcriptional regulation, membrane transport, 

restriction endonuclease activity and energy production and conversion.  Yet these gene 

sequences were differentially expressed in the K. pneumoniae strain that can colonize the 

lungs and not in the commensal IA565 strain.   

 As a model for K. pneumoniae virulence versus commensalism, opportunistic 

pathogens can cause disease in a two-pronged approach depicted in Figure IV.9.  First, 

expression of the non-classically associated virulence factors allows persistence/survival 

in areas of the host that are normally microbe-free, such as the lung.  Second, the 

expression of the classical virulence-associated factors, such as iroN and type I fimbriae 

genes, enable these organisms to grow and thus cause disease in that environment.  For 

strain 43816, persistence and survival is achieved by expression of genes that enable this 

bacteria to cope with the inhospitable environment of the lung: high oxygen levels, 

presence of reactive oxygen species, low pH, and presence of innate immune defenses.   

 213



 

 

St
ra

in
 4

38
16

In
oc

ul
at

io
n

1. 2.

Pe
rs

is
te

nc
e/

Su
rv

iv
al

of
 b

ac
te

ria

G
ro

w
th

/D
is

ea
se

•c
yt

ok
in

e 
pr

od
uc

tio
n

•n
eu

tro
ph

il 
re

cr
ui

tm
en

t
•A

M
φ

ac
tiv

at
io

n
•n

ec
ro

si
s, 

ab
sc

es
s f

or
m

at
io

n
•m

or
ta

lit
y

St
ra

in
 IA

56
5

N
o 

Pe
rs

is
te

nc
e/

Su
rv

iv
al

of
 b

ac
te

ria

N
o 

G
ro

w
th

/D
is

ea
se

Fi
gu

re
 IV

.9
 M

od
el

 o
f K

. p
ne

um
on

ia
e

V
ir

ul
en

ce
 V

er
su

s C
om

m
en

sa
lis

m

St
ra

in
 4

38
16

In
oc

ul
at

io
n

1. 2.

Pe
rs

is
te

nc
e/

Su
rv

iv
al

of
 b

ac
te

ria

G
ro

w
th

/D
is

ea
se

•c
yt

ok
in

e 
pr

od
uc

tio
n

•n
eu

tro
ph

il 
re

cr
ui

tm
en

t
•A

M
φ

ac
tiv

at
io

n
•n

ec
ro

si
s, 

ab
sc

es
s f

or
m

at
io

n
•m

or
ta

lit
y

St
ra

in
 IA

56
5

N
o 

Pe
rs

is
te

nc
e/

Su
rv

iv
al

of
 b

ac
te

ria

N
o 

G
ro

w
th

/D
is

ea
se

Fi
gu

re
 IV

.9
 M

od
el

 o
f K

. p
ne

um
on

ia
e

V
ir

ul
en

ce
 V

er
su

s C
om

m
en

sa
lis

m

 214



The subsequent growth of the bacteria and disease progression is due to the expression of 

classically associated virulence factors such as fimbriae for epithelial binding and capsule 

for immune evasion.  In contrast, strain IA565 lacks these types of factors and can only 

proliferate in mucosal sites that are normally inhabited by various microbes.  Thus, K. 

pneumoniae commensals are not genetically equipped to persist and grow in the lung 

environment. 

 Collectively, these results suggest that there are various mechanisms controlling 

commensal colonization at different mucosal sites such as the microflora and 

inflammatory processes.  Furthermore, inherent properties of commensals and 

opportunistic pathogens dictate their ability to cause infection independent of the immune 

state of the host.

 215



References 

  

1. Emmerth, M., et al., Genomic subtraction identifies Salmonella typhimurium 

prophages, F-related plasmid sequences, and a novel fimbrial operon, stf, which 

are absent in Salmonella typhi. J Bacteriol, 1999. 181(18): p. 5652-61. 

2. Morrow, B.J., J.E. Graham, and R. Curtiss, 3rd, Genomic subtractive 

hybridization and selective capture of transcribed sequences identify a novel 

Salmonella typhimurium fimbrial operon and putative transcriptional regulator 

that are absent from the Salmonella typhi genome. Infect Immun, 1999. 67(10): p. 

5106-16. 

3. Bogush, M.L., et al., Identification and localization of differences between 

Escherichia coli and Salmonella typhimurium genomes by suppressive subtractive 

hybridization. Mol Gen Genet, 1999. 262(4-5): p. 721-9. 

4. Janke, B., et al., A subtractive hybridisation analysis of genomic differences 

between the uropathogenic E. coli strain 536 and the E. coli K-12 strain MG1655. 

FEMS Microbiol Lett, 2001. 199(1): p. 61-6. 

5. Akopyants, N.S., et al., PCR-based subtractive hybridization and differences in 

gene content among strains of Helicobacter pylori. Proc Natl Acad Sci U S A, 

1998. 95(22): p. 13108-13. 

6. Lai, Y.C., et al., Identification of genes present specifically in a virulent strain of 

Klebsiella pneumoniae. Infect Immun, 2000. 68(12): p. 7149-51. 

 216



7. Bock, A. and R. Gross, The BvgAS two-component system of Bordetella spp.: a 

versatile modulator of virulence gene expression. Int J Med Microbiol, 2001. 

291(2): p. 119-30. 

8. Boucher, P.E. and S. Stibitz, Synergistic binding of RNA polymerase and BvgA 

phosphate to the pertussis toxin promoter of Bordetella pertussis. J Bacteriol, 

1995. 177(22): p. 6486-91. 

9. Lai, Y.C., et al., Identification and characterization of KvgAS, a two-component 

system in Klebsiella pneumoniae CG43. FEMS Microbiol Lett, 2003. 218(1): p. 

121-6. 

10. Sagerstrom, C.G., B.I. Sun, and H.L. Sive, Subtractive cloning: past, present, and 

future. Annu Rev Biochem, 1997. 66: p. 751-83. 

11. Zeng, J., R.A. Gorski, and D. Hamer, Differential cDNA cloning by enzymatic 

degrading subtraction (EDS). Nucleic Acids Res, 1994. 22(21): p. 4381-5. 

12. Payne, S.M., Iron and virulence in the family Enterobacteriaceae. Critical 

Reviews in Microbiology, 1988. 16(2): p. 81-111. 

13. Podschun, R., et al., Incidence of Klebsiella species in surface waters and their 

expression of virulence factors. Appl Environ Microbiol, 2001. 67(7): p. 3325-7. 

14. Tarkkanen, A.M., et al., Fimbriation, capsulation, and iron-scavenging systems of 

Klebsiella strains associated with human urinary tract infection. Infect Immun, 

1992. 60(3): p. 1187-92. 

15. Russo, T.A., et al., IroN functions as a siderophore receptor and is a urovirulence 

factor in an extraintestinal pathogenic isolate of Escherichia coli. Infect Immun, 

2002. 70(12): p. 7156-60. 

 217



16. Podschun, R. and U. Ullmann, Klebsiella spp. as nosocomial pathogens: 

epidemiology, taxonomy, typing methods, and pathogenicity factors. Clin 

Microbiol Rev, 1998. 11(4): p. 589-603. 

17. Hornick, D.B., et al., Fimbrial types among respiratory isolates belonging to the 

family Enterobacteriaceae. J Clin Microbiol, 1991. 29(9): p. 1795-800. 

18. Langstraat, J., M. Bohse, and S. Clegg, Type 3 fimbrial shaft (MrkA) of Klebsiella 

pneumoniae, but not the fimbrial adhesin (MrkD), facilitates biofilm formation. 

Infect Immun, 2001. 69(9): p. 5805-12. 

 

 

 218



Chapter V 

Discussion and Future Directions 

 

Klebsiella pneumoniae Mutagenesis 

 In the previous chapter, several uniquely expressed sequences were found in the 

virulent K. pneumoniae strain 43816.  The generation of targeted gene deletion mutants 

was attempted to determine the role FimC and UreF, a type I fimbrial chaperone protein 

and urease accessory protein, plays during K. pneumoniae mediated pulmonary infection.  

However, using various techniques, strain 43816 mutants were unable to be generated.  

The details of this attempt are described below. 

 

Rationale for Choosing Targeted Genes 

 To identify other possible virulence factors in K. pneumoniae, 25 pairs of primers 

were generated from E. coli sequences encoding entA-F, enterobactin synthesis genes; 

fhuA, ferrichrome receptor; fhuE, rhodoturulic acid receptor; fecA, ferric citrate receptor; 

fepA, siderophores receptor, iucA-D, aerobactin synthesis; ureF, urease accessory protein; 

and fimC, sthE, and sthB, type I fimbrial proteins.  Strain 43816 and IA565 genomic 

DNA was used as template and PCR results are shown in Figure V.1.  Gene sequences 

that were found to be present in strain 43816 and absent in strain IA565 were iroN, ureF, 

a urea transporter sequence, sthE, fimC, sthB, emrY and entA (Figure V.1B).  Both iroN 

and sthB were sequences identified in the subtractive hybridization technique and were 
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previously confirmed to be exclusively present in strain 43816 (Table IV.3).  However, 

for constructing K. pneumoniae mutants, the UreF and FimC genes were targeted for 

insertional inactivation with a kanamycin resistance cassette.  The urease and type I 

fimbriae operon has been sequenced in E. coli and were found to be present with 60-80% 

nucleotide homology in the K. pneumoniae MGH 78578 strain (Figure V.2 and V.3). 

Thus, because these genes were sequenced and sequences flanking the targeted site are 

known, ureF and fimC were targeted for deletion. 

 

Introduction to allelic exchange approaches used 

 Suicide Vectors: 

 Similar techniques performed in this study were previously used to mutagenize K. 

pneumoniae strains 43816 [1, 2], LM21 [3], and CG43 [4].  These studies used 

conditionally replicative plasmids, or suicide vectors, that allow construction of 

mutations and propagation in a bacterial host able to replicate them.  Plasmids carrying 

the R6Kγ DNA origin, like in pWM91, pLD55, and pKAS32 used in this study, depend 

on the pir gene product for replication.  In addition, bacterial hosts harboring these 

plasmids usually contain conjugation genes, called transfer or tra genes, which encode a 

surface appendage, the pilus.  This is essential for recognition and mating-pair formation 

with the potential recipient cell [5].  E. coli strain 47084 is Tra+ due to the 

chromosomally integrated RP4 fragment [6].  In this study, E. coli strain 47084, carrying 

suicide plasmids with various disrupted K. pneumoniae genes, was bacterially conjugated 

to the recipient 43816 strain for horizontal transfer of these DNA sequences.  The  
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recipients were then grown under certain conditions that select for the allelic replacement 

of the mutated genes with their wild-type counterparts. 

 The suicide vectors pWM91 and pKAS32 both contain a counterselectable marker 

that further identifies the generation of K. pneumoniae mutants.  The plasmid, pKAS32 

contains the rpsL gene which encodes for ribosomal protein S12.  A streptomycin 

resistant derivative of K. pneumoniae strain 43816, 43816S, was generated as a suitable 

recipient cell to use in this mutant selection method.  When rpsL is expressed from 

pKAS32 in 43816S, the gene product assembles into ribosomes and confers a 

streptomycin sensitive phenotype.  Selection for streptomycin resistance enables 

identification of transconjugants that have excised the plasmid sequences [7].  This type 

of method was used to generate the K. pneumoniae CG43 kvgS mutant [4]. The sacB 

gene on pWM91 when expressed in strain 43816 confers sucrose sensitivity, thus the 

subsequent ability to grow on sucrose plates provides another counterselectable marker to 

screen for K. pneumoniae mutants [6].   

 Lambda Red Recombinase System: 

 Three genes of the bacteriophage lambda (λ) have been used to induce DNA 

recombination events with as little as 40 nucleotides of shared sequence.  The three genes 

of the λ red system are exo, gam (γ), and bet (β).  The exo gene encodes an exonuclease 

which digests the 5’-end of double-stranded DNA, the β product binds to single-stranded 

DNA and promotes strand annealing, and the γ protein binds to and inhibits bacterial 

RecBCD enzyme [8].  Expression of plasmid encoded Red genes in bacterial cells is able 

to facilitate recombination between the bacterial chromosome and linear dsDNA 

molecules exogenously introduced via electroporation [9].   
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Allelic exchange using suicide vectors introduced via bacterial conjugation 

 K. pneumoniae strain 43816 FimC and UreF sequences were amplified using 

primers generated from K. pneumoniae specific sequences (Figure V.4) and cloned into 

pPCR-Script Amp SK(+) generating pFimC and pUreF.  PCR amplification of the cloned 

insert was performed using the T3 and T7 primers flanking the cloning site (Figure V.5A) 

as well as excision of the inserts via restriction enzyme digests with NotI and Acc65I 

(Figure V.5B) to confirm cloning of the desired FimC and UreF genes.  The kanamycin 

resistance gene from pUC4K was removed via PstI digestion and 155bp and 100bp sized 

internal fragments were removed from pFimC and pUreF, respectively (Figure V.6) to 

generate pFimCΔ and pUreFΔ.  The kanamycin cassette was ligated into the pFimCΔ and 

pUreFΔ vector and then excised via restriction enzyme digest with NotI and Acc65I 

(Figure V.7A).  The excised fragments, FimCΔK and UreFΔK, had predicted sizes of 

about 2Kb.  However, Figure V.7A shows 2 bands at 3Kb and 2.5Kb.  The 3Kb band 

represents the vector and the 2.5Kb band represents the FimCΔK and UreFΔK fragments.  

Since the fragment sizes were about 500bp larger than expected, pUreFΔK was submitted 

for sequencing and it was found that there was an approximately 500bp repeat of the 3’ 

end of the kanamycin cassette within the disrupted genes.  This is depicted in Figure 

V.7B.  Despite this, the FimCΔK and UreFΔK fragments were cloned into the pLD55 

suicide vector. 

 Primers were generated containing a NotI restriction enzyme recognition site, 40 

nucleotides homologous to either FimC or UreF genes, and P1 or P2 sequences flanking 

the kanamycin resistance cassette in pKD4 (Table II.4).  Using pKD4 as template, the 

primers were used to construct FimCΔKanR and UreFΔKanR, insertionally inactivated  
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Figure V.4 Amplification and Isolation of K. pneumoniae strain 43816 
FimC and UreF Sequences
Primers were generated towards K. pneumoniae FimC and UreF sequences 
and amplified in strain 43816.  Expected sizes were 927bp and 907bp for 
FimC and UreF, respectively.  100bp ladder is shown on the far left hand 
side.

Figure V.4 Amplification and Isolation of K. pneumoniae strain 43816 
FimC and UreF Sequences
Primers were generated towards K. pneumoniae FimC and UreF sequences 
and amplified in strain 43816.  Expected sizes were 927bp and 907bp for 
FimC and UreF, respectively.  100bp ladder is shown on the far left hand 
side.
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Figure V.6 Generation of pFimCΔ and pUreFΔ
Plasmids were digested to remove fragments of interest.  pUC4K was digested 
with PstI to remove the 1.2Kb Kanamycin resistance gene.  pFimC was digested 
with BlpI and BseRI to remove a 155bp internal fragment.  pUreF was digested 
with Bpu10I and BlpI to remove a 100bp internal fragment. 1Kb ladder and 
100bp ladder are shown.

Figure V.6 Generation of pFimCΔ and pUreFΔ
Plasmids were digested to remove fragments of interest.  pUC4K was digested 
with PstI to remove the 1.2Kb Kanamycin resistance gene.  pFimC was digested 
with BlpI and BseRI to remove a 155bp internal fragment.  pUreF was digested 
with Bpu10I and BlpI to remove a 100bp internal fragment. 1Kb ladder and 
100bp ladder are shown.  
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FimC and UreF genes.  These fragments and the suicide vectors, pWM91 and pKAS32, 

were digested with NotI (Figure V.8A).  FimCΔKanR and UreFΔKanR were ligated into 

pWM91 and pKAS32 forming plasmids 101, UreFΔKanR in pKAS32; 102, FimCΔKanR 

in pKAS32; 103, UreFΔKanR in pWM91; and 104, FimCΔKanR in pWM91.  These 

plasmids were then transformed into E. coli strain 47084 and plasmid preps from the 

bacterial transformants were PCR amplified using FimC and UreF specific primers to 

confirm ligation (Figure V.8B).  Strain 47084 containing plasmid 103, strain H103, was 

mixed with K. pneumoniae 43816 and aliquots of the conjugation mixture were plated 

onto LB-sucrose plates.  Strain 47084 containing plasmids 101 and 102, strain H101 and 

H102, respectively, were mixed with a streptomycin resistant derivative of K. 

pneumoniae 43816, 43816S, and the conjugation mixtures were plated on LB-

streptomycin plates. 

 Nineteen transconjugants from mating 43816S and H101, 26 transconjugants 

from mating 43816S and H102, and 9 transconjugants from mating 43816 and H103 were 

obtained and analyzed via colony lysate PCR using the respective FimC and UreF 

primers (Figure V.9).  None of the transconjugants harbored the insertionally inactivated 

genes. 

 

Allelic exchange using temperature sensitive plasmid 

 Primers were generated containing Acc65I restriction enzyme recognition site, 40 

nucleotides homologous to the FimC gene, and P1 or P2 sequences flanking the 

kanamycin resistance cassette in pKD4 (Table II.4).  Using pKD4 as template, the 

primers were used to construct FimCΔKanR, an insertionally inactivated FimC sequence.   
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Figure V.9 Colony Lysate PCR of Transconjugants
Strain 43816S was conjugated to strains H101 and H102.  Strain 43816 was 
conjugated to strain H103.  19 transconjugants from mating 43816S and H101, 
26 transconjugants from mating 43816S and H102, and 9 transconjugants from 
mating 43816 and H103 were obtained and analyzed via colony lysate PCR 
using the respective FimC and UreF primers.  Wild-type amplicon for UreF is 
1329bp and for FimC is 1225bp.  Mutant amplicon for UreF is 2546bp and 
1954bp for FimC.  wt denotes FimC amplicon for original 43816 strain.

Figure V.9 Colony Lysate PCR of Transconjugants
Strain 43816S was conjugated to strains H101 and H102.  Strain 43816 was 
conjugated to strain H103.  19 transconjugants from mating 43816S and H101, 
26 transconjugants from mating 43816S and H102, and 9 transconjugants from 
mating 43816 and H103 were obtained and analyzed via colony lysate PCR 
using the respective FimC and UreF primers.  Wild-type amplicon for UreF is 
1329bp and for FimC is 1225bp.  Mutant amplicon for UreF is 2546bp and 
1954bp for FimC.  wt denotes FimC amplicon for original 43816 strain.  
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This was cloned into the Acc65I digested pKD78, a chloramphenicol resistance gene 

containing vector, whose replication in a bacterial host is temperature dependent.  This 

was then transformed into K. pneumoniae strain 43816.  Bacterial colony lysate PCR was 

performed on a bacterial transformant and strain BW26949, a strain harboring pKD78, 

using 2 set of primers specific for plasmid sequences and the kanamycin resistance gene 

(Figure V.10).  The plasmid specific and kanamycin resistant gene sequences were 

present in strain 43816 harboring FimCΔKanR ligated into pKD78.  Strain BW26949 

only contained the plasmid specific sequences as expected.  Strain 43816 harboring 

FimCΔKanR ligated into pKD78 was grown overnight at the permissive temperature to 

select for 43816 bacteria harboring the plasmid and then for 2 days at the non-permissive 

temperature to induce integration of the plasmid into the chromosome.  The cultures were 

diluted onto LB-chloramphenicol plates and a robust colony was chosen and grown for 

several days at the permissive temperature to select for bacteria that have excised plasmid 

sequences.  Aliquots of this culture were patched onto LB-chloramphenicol plates and 

bacteria that were chloramphenicol sensitive and kanamycin resistant were analyzed for 

FimCΔKanR chromosomal integration via PCR with FimC and kanamycin resistance 

cassette specific primers (Figure V.11A and B, respectively).  None of the colonies 

selected contained the disrupted FimC gene. 

 

Allelic recombination using the lambda red recombinase system 

 The lambda red system was also used in this study to obtain K. pneumoniae 

43816 mutants.  For this method, the FimC gene was targeted for insertional inactivation.  

Figure V.12 illustrates the wild-type FimC gene and the area targeted for deletion as well  
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Figure V.10 Generation of a Temperature Sensitive Plasmid Containing FimCΔKanR

The FimΔKanR fragment was cloned into pKD78 and then transformed into strain 43816.  
Colony lysate PCR was performed on that strain and strain BW26949, which contains pKD78 
without the cloned fragment.  Gam (a) and kanamycin cassette (b) amplifying primers were 
used.  Gam primers amplify a 349bp region and the kanamycin primers amplify a 471bp 
region.  1Kb ladder is shown.

Figure V.10 Generation of a Temperature Sensitive Plasmid Containing FimCΔKanR

The FimΔKanR fragment was cloned into pKD78 and then transformed into strain 43816.  
Colony lysate PCR was performed on that strain and strain BW26949, which contains pKD78 
without the cloned fragment.  Gam (a) and kanamycin cassette (b) amplifying primers were 
used.  Gam primers amplify a 349bp region and the kanamycin primers amplify a 471bp 
region.  1Kb ladder is shown.
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as the expected PCR products from amplification of wild-type and mutant DNA.  Primers 

were constructed containing 40 nucleotides homologous to the FimC gene, and P1 or P2 

sequences flanking the kanamycin resistance cassette in pKD4 (Table II.4).  The linear 

dsDNA fragment, FimCΔKanR depicted in Figure V.12 was constructed using those 

primers and pKD4 as template (Figure V.13A).  pKD78 was transformed into strain 

43816, transformants are designated HL078.  Bacterial lysate colony PCR was performed 

on those transformants using primers generated from plasmid specific sequences (Figure 

V.13B).  FimCΔKanR was electroporated into HL078 and the cells were grown on LB-

kanamycin plates.  Allelic exchange of the disrupted FimC gene with the wild-type gene 

was screened for via PCR using FimC primers flanking the targeted deletion site (Figure 

V.13C).  None of the bacterial cells contained the mutated FimC gene. 

 Two modifications to the lambda red system were made to facilitate K. 

pneumoniae strain 43816 mutagenesis.  In the first modification, bacteriophage φX174 

HaeIII-digested DNA was added to the solution of FimCΔKanR fragments at a ratio of 

100:1 to circumvent the possibility that K. pneumoniae exonucleases were digesting the 

linear dsDNA fragment preventing FimCΔKanR from integrating into the chromosome.  

This mixture was electroporated into HL078 cells and transformants analyzed by PCR 

(Figure V.14).  None of the bacterial cells contained the mutated FimC gene.   

 In the second modification, more gene homology regions flanking the kanamycin 

resistance gene was added to increase efficiency of allelic exchange.  Construction of a 

UreA disrupted gene fragment has been previously described [3] and thus a similar 

approach was used in this study.  The diagram for the construction of UreAΔKanR is 

shown in Figure V.15.  Not to spoil the ending, but this construct proved very difficult to  
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Figure V.14 Mutagenesis of 43816 using the Lambda Red System and Decoy DNA
Bacteriophage φX174 HaeIII-digested DNA was added to the solution of FimCΔKanR

fragments at a ratio of 100:1.  This was electroporated into HL078.  PCR of colonies that 
grew on LB-kanamycin plates using PCR Test FimC1 and FimC2 primers was performed.  
None of the transformants contained the disrupted FimC gene.  Wild-type (wt) FimC gene 
expected size is 1225bp.  Mutated FimC gene expected size is 1938bp.

Figure V.14 Mutagenesis of 43816 using the Lambda Red System and Decoy DNA
Bacteriophage φX174 HaeIII-digested DNA was added to the solution of FimCΔKanR

fragments at a ratio of 100:1.  This was electroporated into HL078.  PCR of colonies that 
grew on LB-kanamycin plates using PCR Test FimC1 and FimC2 primers was performed.  
None of the transformants contained the disrupted FimC gene.  Wild-type (wt) FimC gene 
expected size is 1225bp.  Mutated FimC gene expected size is 1938bp.
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generate.  The primary author of the paper this protocol was obtained from indicated that 

making this construct was a little tricky – a huge understatement. 

 The 403bp (V – VII-P1) 5’ and 671bp (VI – VIII-P2) 3’ end of the UreAΔKanR 

fragment were generated via PCR using 43816 genomic DNA as template (Figure V.16).  

Those fragments were then combined with the P1 and P2 primer amplified kanamycin 

resistance cassette from pKD4 and subjected to three various PCR conditions to obtain 

the 2,530bp UreAΔKanR fragment (Figure V.17).  PCR conditions for Condition #1 were 

94ºC for 5 minutes and 35 cycles of 94ºC for 1 minute, 63ºC for 30 seconds, and 68ºC for 

2.75 minutes.  PCR conditions for Condition #2 were 94ºC for 5 minutes and 35 cycles of 

94ºC for 30 seconds, 63ºC for 30 seconds, and 72ºC for 3 minutes.  PCR conditions for 

Condition #3 were 7 cycles of 94ºC for 1 minute and 63ºC for 45 seconds followed by 35 

cycles of 94ºC for 1 minute, 63ºC for 30 seconds, and 72ºC for 3 minutes.   These 

conditions did not yield the desired product. 

 Using a different approach, fragment A, consisting of the 403bp end and 

kanamycin cassette, and fragment B, consisting of the kanamycin cassette and the 671 bp 

end, were generated and those fragments were gel purified (Figure V.18).  Those 

fragments were then incubated with the V and VI primer in various PCR conditions to 

generate the UreAΔKanR fragment (Figure V.19).  PCR conditions for Condition #1 were 

10 cycles of 94ºC for 1 minute and 55ºC for 1 minute followed by 40 cycles of 94ºC for 

45 seconds, 55ºC for 45 seconds, and 72ºC for 3 minutes.  PCR conditions for Condition 

#2 were 94ºC for 5 minutes; 10 cycles of 94ºC for 5 minutes and 55ºC for 2 minutes; 

followed by 40 cycles of 94ºC for 1 minute, 55ºC for 2 minutes and 72ºC for 3 minutes.  

PCR conditions for Condition #3 were 94ºC for 5 minutes followed by 30  
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Figure V.16 Left-handed and Right-handed Fragments of UreFΔKanR

Using 43816 genomic DNA as template, primers V and VII-P1 (Lane 1) and 
primers VI and VIII-P2 were used to amplify the left and right hand fragments 
of UreFΔKanR.  Expected sizes are 403bp and 671bp.  100bp ladder is shown.

Figure V.16 Left-handed and Right-handed Fragments of UreFΔKanR

Using 43816 genomic DNA as template, primers V and VII-P1 (Lane 1) and 
primers VI and VIII-P2 were used to amplify the left and right hand fragments 
of UreFΔKanR.  Expected sizes are 403bp and 671bp.  100bp ladder is shown.
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Figure V.17 Results of Various PCR Conditions Used to Generate UreFΔKanR

Expected product size is 2530bp.  None of the PCR conditions used generated the 
desired product.

Figure V.17 Results of Various PCR Conditions Used to Generate UreFΔKanR

Expected product size is 2530bp.  None of the PCR conditions used generated the 
desired product.
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cycles of 94ºC for 1 minute, 55ºC for 2 minutes, and 72ºC for 3 minutes.  PCR conditions 

for Condition #4 were 94ºC for 5 minutes followed by 30 cycles of 94ºC for 2 minutes, 

55ºC for 5 minutes, and 72ºC for 3 minutes.   These conditions did not yield the desired 

product. 

 In one final attempt to generate the UreAΔKanR fragment, varying mixtures of 

Taq and Pfu DNA polymerase were in the PCR reaction (Figure V.20).  The Taq 

polymerase used in these reactions do have 3’ to 5’ exonuclease proofreading activity due 

to an exogenously added enzyme (see Materials and Methods).  However, Pfu has natural 

3’ to 5’ exonuclease activity and the half-life is significantly longer than Taq polymerase.  

Two reactions were run with the 403bp and 671 bp fragments as primers and the 

kanamycin cassette as the template.  The PCR products in lane 1 were obtained from 

using only Taq polymerase in the reaction mix.  The PCR products in lane 2 were 

obtained from using Taq and Pfu polymerase at a ratio of 0.75 units to 0.25 or 3:1.  

Surprisingly, using the Taq and Pfu polymerase mix did yield a band at 2.5Kb, the 

expected size of UreAΔKanR (Figure V.20, Lane 2, arrow).  This band was excised, gel 

purified and used as a template in PCR reactions with primers V and VI.  However, PCR 

products always contained multiple bands when run on a gel with none of them being the 

correct size of 2.5Kb. 
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Discussion of K. pneumoniae mutagenesis attempts 

 As alluded to earlier, genes have been successfully deleted from K. pneumoniae 

strain 43816 in other studies.  Specifically, mutants in the siderophore transporter 

component of the yersiniabactin system (ybtQ), the galactosyltransferase necessary for 

O1 O-antigen synthesis (wbbO), and a DNA adenine methylase (dam) have been 

previously described [1, 2, 10].  It is unclear why mutants in the same 43816 strain 

background could not be constructed in this study.  However, it is possible that the 

technical expertise required to perform the mutagenesis was beyond the scope of this 

researcher’s ability. 

 

Virulence Factors versus Factors associated with Virulence 

 As discussed in Chapter I, environmental surface water isolates of K. pneumoniae 

were found to be just as capable of expressing virulence factors as clinical isolates.  In 

addition, when evaluated in murine models of UTI and intestinal colonization, these 

environmental isolates were as virulent as strains of clinical origin.  These studies have 

strong implications for the description and definition of K. pneumoniae virulence 

properties.   

 “Virulence factors” describe those factors that by themselves enable the organism 

to cause disease.  Examples include the lethal factor and oedema factor enzymes 

produced by Bacillus anthracis [11] and the shiga toxin produced by enterohaemorrhagic 

E. coli [12].  On the other hand, “factors associated with virulence” describe those factors 

that when given the opportunity to cause infection, aid the microbe in pathogenesis.  In 

other words, commensal and environmental strains may contain these “factors associated 
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with virulence” but rarely are in the situation where host conditions are right to cause an 

infection.  Yet, when the conditions are right, UTI, pneumonia, septicemia and other K. 

pneumoniae infections ensue.  This correlates to the findings which indicate that some 

pneumonia causing strains of K. pneumoniae originate from the flora of hospitalized 

patients suggesting that those K. pneumoniae strains carry “factors associated with 

virulence”.   

 However, because strain IA565 was unable to cause disease even under extreme 

immunosuppressive conditions, it is unclear whether or not some K. pneumoniae strains 

even have the aforementioned “factors associated with virulence”.  It is possible there are 

K. pneumoniae opportunistic pathogens that colonize various mucosal sites waiting to 

take advantage of the immunocompromised state of the host to flourish.  And, as this 

study suggests, there are K. pneumoniae strains that are simply commensal organisms.  

Should the species designation of strain IA565 be renamed from K. pneumoniae to K. 

commensiae?  It is very clear that strain 43816 and IA565 significantly differ in their in 

vivo pathogenicity and IA565 is unique in its mucosal tissue colonization patterns. 

 

Summary of IA565 Colonization Data 

 Table V.1 summarizes the ability of strain IA565 to colonize the lungs, nasal 

cavity and GI tract of wild-type, immunodeficient and GF mice.  Strain IA565 is unable 

to grow and persist in the lung.  However, similar levels of nasal cavity colonization can 

be achieved in immunocompetent, immunocompromised and germ-free mice.  This is in 

contrast to IA565 GI tract colonization where the absence of the gut microbiota leads to 

increased IA565 growth. 
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K. pneumoniae Commensalism 

 The studies carried out in this project identifies strain IA565 as a murine 

commensal and the endogenous (both host and microbiota) mechanisms controlling 

commensal growth.  Furthermore, during non-specific gut inflammation and not during 

inflammation specifically directed towards another enteric organism, IA565 intestinal 

growth significantly increased suggesting host mediated inflammatory conditions effect 

commensal behavior.  Furthermore, the microbiota in certain areas of the host was also 

found to have an effect on commensal colonization.  The absence of the nasal cavity flora 

versus the absence of the gastrointestinal flora had a differential effect on IA565 

colonization in those respective areas with the latter resulting in extremely high titers of 

IA565 bacteria.  This suggests that commensal colonization in two different distal 

mucosal sites of the host can be modulated by the microbiota. 

 Normally, potential pathogens and commensals cannot be found in the lung 

because of effective microbial clearance mechanisms.  However, even in the absence of 

two major lung phagocytes and T and B lymphocytes, strain IA565 was unable to persist 

in that environment.  This suggests that strain IA565 lacks “factors associated with 

virulence” necessary for pulmonary pathogenesis and thus, is truly a commensal 

organism.   

 Strain IA565 is a clinical isolate and was cultured out of the tracheal aspirate of 

hospitalized patient.  The patient’s history and reasons for hospitalization is unknown.  

However, results of this study suggest that strain IA565 was most likely not the causative 

agent of disease in that patient.  It is more likely that the tracheal aspirate sample was 
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contaminated with this organism and this bystander was mistaken for an opportunistic 

pathogen. 

 

Future Directions 

 It would have been interesting to identify differentially expressed sequences in 

IA565 that are absent or less expressed in strain 43816.  Unfortunately, at the time the 

SSH was done, there was a greater interest in identifying putative K. pneumoniae 

virulence factors rather than identifying genes not associated with pathogenicity.  

 Commensals are currently not very well studied.  However, with recent studies 

implicating the involvement of the gut microbiota in oral and mucosal tolerance, the 

study of commensal interactions with the host immune system and the genetic factors 

dictating these processes will soon become more conventional.  Thus identification of 

sequences unique to strain IA565 and not 43816 will provide some insight into the factors 

influencing and directing commensalism.  Is IA565 commensal behavior an active 

process relying on expression of commensal factors?  Or is this behavior totally passive 

and attributable to the absence of virulence factors and those factors associated with 

virulence?  In addition, what are the specific interactions of IA565 with the mucosal 

immune system?  One of the ways to address that question would be to explore whether 

or not IA565 bacteria are translocated into the mesenteric lymph nodes (MLN) during GI 

colonization and determine cytokine profiles generated at those sites. 

 The host mucosa is highly adapted to the presence of commensals and their 

antigens inducing a state of immunological hyporesponsiveness, known as oral tolerance.  

Peyer’s patches and MLN are part of the gut associated lymphoid tissues that serve as the 
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immunologic inductive sites.  Effector cells are distributed throughout the mucosa with 

dendritic cells (DCs) being generally agreed upon as the most important mediator of 

intestinal immunity [13].  Normally, gut antigens (food proteins or commensal 

components) are presented in the absence of inflammatory signals by quiescent DCs, 

resulting in tolerance.  Interestingly, Macpherson et. al. demonstrated that intestinal DCs 

are able to harbor live commensals internally for several days allowing DCs to selectively 

induce IgA and inhibit commensals from crossing the mucosal barrier [14].  However, 

studies have shown that non-pathogenic commensal bacteria are able to translocate across 

intact gut epithelium [15, 16].  Thus, the host’s intestinal barrier function, rather than 

specific virulence properties of enteric microbes, facilitates bacterial translocation.   

 In vitro cultures of DCs isolated from the MLN when incubated with 

Lactobacillus and Bifidobacterium have been shown to secrete the regulatory cytokines, 

IL-10 and TGF-β.  However, DCs isolated from peripheral blood mononuclear cells 

produced the inflammatory cytokines, TNFα and IL-12 in response to those same 

commensal organisms [17].  Thus, the induction of immune responses to microbes, 

especially commensal organism, is highly compartmentalized and tightly regulated.  

 Future studies that determine the presence of IA565 bacteria in the inductive site 

of the MLN as well as intestinal DC responses to IA565 will provide insights on how this 

murine commensal can potentially play a role in mucosal tolerance. 
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