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ABSTRACT 

 

Exposure to cigarette smoke (CS) is associated with increased risk of many infectious 

diseases including those caused by Streptococcus pneumoniae.  Such pneumococcal 

infections are the leading cause of community-acquired pneumonia and deaths from 

invasive bacterial infections.  Since CS exposure also impairs the function of the alveolar 

macrophage (AM), a cell central to innate host defense in the lung, we used in vivo and in 

vitro approaches to determine the effects of CS exposure in a murine model of 

pneumococcal pneumonia, and to elucidate how CS-mediated impairment of AM 

function might contribute to this relationship.  Mice exposed to CS over 5 weeks 

developed more serious infections, with 4-fold and 35-fold higher pulmonary bacterial 

burdens at 24 hr and 48 hr post-infection, respectively.  In separate experiments, we 

compared the effects of low-tar versus regular cigarettes on cellular recruitment and AM 

function, finding no evidence to support the perception that low-tar cigarettes might be 
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less harmful.  In vitro, AMs from CS-exposed animals displayed impaired cytokine 

production following pneumococcal challenge and reduced phagocytosis of bacteria but 

not IgG-opsonized microspheres, indicating intact FcγR-mediated phagocytosis.  To 

remove possible effects from other cells, naive AMs were treated in vitro with cigarette 

smoke conditioned media (CSCM), yielding similar impairments in phagocytosis that 

were specific to complement-opsonized pneumococcus, but no impairment in FcγR-

mediated microsphere phagocytosis.  However in another experiment, CSCM-pretreated 

rat AMs did display impaired phagocytosis of IgG-opsonized E.coli, suggesting CS may 

interfere with TLR-mediated bacterial recognition.  CSCM pretreatment impaired 

cytokine synthesis and reactive oxygen intermediate generation following challenge with 

LTA, a bacterial ligand for TLR2.  However no differences were seen in TLR2 

transcription suggesting that CSCM may impair TLR-mediated AM activation through 

disruption of downstream reactive oxygen intermediate-mediated signal transduction.  

Such a mechanism would indicate common themes underlying some of the diverse 

effects of CS exposure on immune function.  Overall, the novel finding of impaired 

pulmonary innate host defense following CS exposure, and observation of AM bacterial 

recognition and phagocytosis impairments, may suggest new directions for understanding 

the effects of CS exposure on human health.  
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CHAPTER 1 

Introduction 

The Pneumococcus 

The Gram-positive bacterium Streptococcus pneumoniae was first identified in 

1881 by Louis Pasteur and George Sternberg, and within 5 years had been termed the 

pneumococcus, because of its frequent presence in respiratory infections (1).  The 

organism is widespread, generally causing asymptomatic nasopharyngeal colonization 

that can last for several months before resolving without dissemination to the lower 

respiratory system or other body compartments (2).  A first instance of colonization 

confers a measure of acquired resistance to subsequent encounter with the same strain, 

but not to a serologically distinct strain.  Thus, carriage rates tend to decline from 

childhood to adulthood, following the accumulation of previous exposures.  The 

prevalence of pneumococcal carriage varies widely between geographical areas, with 

rates for children higher than 80% observed in parts of Africa (3).  Carriage is also higher 

in crowded environments such as military barracks and nursing homes. 

The spread of pneumococcal colonization beyond the oropharynx can lead to 

other infections including pneumonia, otitis media, meningitis and bacteremia, placing 

pneumococcus as the leading cause of death from invasive bacterial infections (4).  
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Pneumococcal pneumonia is the most common form of community-acquired pneumonia, 

both in the US (5) and worldwide (6).  Young children and the elderly are particularly 

vulnerable as are individuals with immunodeficiencies from splenectomy (7), or diseases 

such as HIV (8) and genetic complement deficiencies (9), and those with certain chronic 

diseases including chronic obstructive pulmonary disease (COPD) (10).  Most deaths 

from pneumococcal disease are in the developing world, with a 2006 estimate of 

approximately 800,000 deaths annually among children under 5 years of age in these 

countries (11).   

Recent years have seen the introduction of effective pneumococcal vaccines, 

however geographic coverage is incomplete.  More than 90 serotypes of pneumococcus 

have been identified, and there are indications that strains used to generate the vaccine 

may be replaced by non-vaccine strains over time (11).  The growth of susceptible 

populations and the emergence of multi-drug resistant strains (12) point to the continuing 

relevance of this pathogen to public health.  The need for an improved understanding of 

the mechanisms of pathogenesis and determinants of susceptibility to pneumococcal 

infection call for additional study.   

Protecting the Airways 

The respiratory system is under constant exposure to the external environment 

and the many potential pathogens found there.  To reduce penetration of foreign material 

and microorganisms into the deep airspaces of the lung, animals use a series of filtration, 

exclusion, and removal systems.  After gross filtration by the nasal vibrissae (whiskers), 

architectural features including nasal turbinates direct the flow of air entering the 
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nasopharyngeal cavity, leading to impaction and deposition on mucosal surfaces (13) 

containing ciliated, pseudostratified columnar epithelial cells and mucus-producing 

goblet cells.  Particles trapped within the mucus layer are subject to multiple 

antimicrobial factors including beta-defensins, cathelicidin, and lysozyme, and are 

propelled by ciliated epithelium to the oropharynx, where they are swallowed or expelled 

from the body (14).  Particles not removed in the nasal cavity may pass through the 

larynx and into the trachea, which undergoes repeated bifurcation into bronchi and 

successively-smaller bronchioles.  Particles with sufficient inertia deposit through 

impaction, while slowing airflow provides additional deposition through sedimentation.  

The respiratory epithelium in these areas constitutes a “mucocilliary escalator” which 

acts to move contaminant-containing mucus upward and out of the respiratory tract.  The 

bronchiolar epithelium also includes Clara cells, which produce secretory products 

including surfactant protein-(SP-)A, and SP-D, as well as other proteins with 

immunomodulatory and antiinflammatory functions (15).  The transition from air-

conducting to gas-exchange regions of the lungs occurs in the terminal bronchioles, 

where epithelial morphology changes from columnar to simple cuboidal epithelium 

without goblet cells.  Beyond the terminal bronchioles lie respiratory bronchioles, leading 

through alveolar ducts to alveolar sacs and individual alveoli.  The alveoli themselves are 

lined with simple squamous cells (type I), marked by a thin morphology that facilitates 

gas exchange.  Also present are the cuboidal type II pneumoctyes, which proliferate to 

replace type I cells, as well as producing surfactant proteins.   

Despite the efficiency of the conducting airways in excluding foreign material, 

some particles, particularly those smaller than 1 μm (16), may penetrate into the alveolar 
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compartment.  Protecting the alveolus from infection necessitates immune surveillance 

and coordinated activity of a variety of cells including alveolar macrophages (AMs), as 

well as epithelial cells, endothelial cells, neutrophils and other leukocytes.  In the healthy 

individual, AMs comprise the vast majority of leukocytes present within the alveolar 

space, and persist for a comparatively long span of approximately 3 months (17).  Figure 

1.1 depicts an AM within the alveolar milieu.  Alveolar macrophages play a variety of 

roles including removal of particulates, phagocytosis and killing of pathogens, and 

secretion of antimicrobial peptides.  They also serve to regulate other cells through the 

release of soluble mediators including proinflammatory cytokines such as tumor necrosis 

factor-alpha (TNF-α), and members of the interleukin (IL-) family (18-20).  Importantly, 

through the phagocytic removal of noxious stimuli and secretion of anti-inflammatory 

mediators including IL-10 and the lipid prostaglandin E 2 (PGE2), AMs also participate 

in the resolution of inflammation, as an excessive immune response could lead to 

insufficient gas-exchange within the lung, resulting in death of the host (18).   

The AM and Pneumococcal Infection 

Although the specific roles played by AMs during innate host defense against this 

organism remain incompletely understood, their participation has been shown by 

depletion of these cells prior to infection.  In a high-dose infection, increased mortality 

was seen among AM-depleted animals (19).  However, increased inflammation and 

neutrophil recruitment, combined with the lack of difference in measured bacterial 

burden, led the authors to conclude that AMs function primarily to remove apoptotic cells 

and resolve inflammation, rather than to clear bacteria directly.  In contrast, others have 
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shown increased outgrowth of bacteria after AM depletion in a low-dose, resolving 

model of pulmonary pneumococcal infection (20), despite increased recruitment of 

neutrophils.  Importantly, in this model animals with normal AM numbers were able to 

clear the bacteria without detectable recruitment of neutrophils, while a higher inoculum 

resulted in inflammation and neutrophil recruitment.  Together, these data suggest that 

the role played by the AM in host defense against S. pneumoniae may vary with the 

severity of the infection.   

AM Receptors for Unopsonized Bacteria 

The capacity of AMs to identify targets innately (i.e., without prior exposure), is 

conferred by a broad array of receptors that recognize highly-conserved pathogen-

associated molecular patterns (PAMPs).  These pattern-recognition receptors (PRRs) may 

be cytoplasmic, such as the nucleotide-binding oligomerization domain proteins (NODs) 

(21), or membrane-bound, as in the case of toll-like receptors (TLRs), and allow the cell 

to sense and respond to specific stimuli (22, 23).  For example, TLR2 on the AM surface 

binds lipoteichoic acid (LTA) from the cell wall of gram-positive bacteria such as S. 

pneumoniae.  Association with its ligand activates signaling motifs in the cytoplasmic 

region of the receptor, allowing the recruitment of the adaptor proteins MyD88 (24), IL-1 

receptor associated kinase (IRAK) 1, IRAK2, and IRAK4.  Assembly of this complex 

allows the initiation of multiple kinase-dependent signal cascades, resulting in the nuclear 

translocation of transcription factors including nuclear-factor-kappa B (NF-κB) and 

activator protein-1 (AP-1) (25).  Many genes are upregulated as a result of the binding of 

these transcription factors to nuclear DNA, including TNF-α, IL-1β and IL-6, which are 
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important in host-defense against this organism as discussed below.  AMs express 

multiple TLRs, and can differentially regulate the degree of expression in response to 

inflammatory stimuli such as TNF-α, IL-1β, and bacterial lipopolysaccharide (LPS) (26).  

In humans, genetic defects in NF-κB function and IRAK4 are associated with 

susceptibility to pneumococcal infections (9, 30), demonstrating the importance of these 

PRR-dependent pathways. 

In addition to ligand-specific PRRs such as the TLRs, AMs also express 

scavenger receptors (SRs), such as SR-A, which bind to a wide range of polyanionic 

ligands including both PAMPs and non-biological particles (27).  Binding of these 

receptors facilitates phagocytosis of bacteria (28).  Despite the lack of any known 

intracellular signaling motifs within its short cytoplasmic domain (29), binding of SR-A 

to a specific monoclonal antibody has been shown to modulate cytokine production in 

murine AMs (30).  Comparing peritoneal macrophages from wild-type and SR-A -/- 

mice, another study found no difference in cytoplasmic protein tyrosine kinase activities 

following treatment with the SR-A ligand fucoidin (31).  In contrast, the authors observed 

that this fucoidin-elicited activity was nearly absent in mice genetically lacking CD14, an 

accessory protein involved in TLR signaling.  This result implied that some cytoplasmic 

signaling activity previously attributed to SR-A was mediated through TLRs.  Both LTA 

and polyinosinic:polycytidylic acid (Poly I:C) have been used to demonstrate SR-A 

mediated signal transduction in a macrophage-derived cell line (32), however these 

results must be interpreted with caution due to the presence of TLRs which also 

recognize these ligands.  Recently, it has been shown that SR-A physically associates 

with Mer receptor tyrosine kinase (MertK), a cell-surface receptor with known 
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cytoplasmic signaling activity (29).  This led the authors to suggest that SR-A may serve 

as an accessory protein by bringing MertK monomers into close proximity, thus 

facilitating their autophosphorylation.   

In a mouse model of pneumococcal pneumonia, SR-A -/- mice were found to 

have higher pulmonary bacterial burdens and reduced survival compared with wild-type 

animals (33).  Instillation of heat-killed, fluorescently-labeled S. pneumoniae in these 

animals revealed impaired AM phagocytosis of the bacteria.  The macrophage receptor 

with collagenous structure (MARCO) is closely related to SR-A, and also expressed on 

AMs.  Mice lacking this receptor displayed increased pulmonary bacterial numbers as 

well as reduced survival following pulmonary infection with S. pneumoniae (34).  SR-

mediated clearance of normally pyogenic bacterial products such as LPS has been 

observed without the induction of proinflammatory responses (35).  Because of this, 

some have proposed that SRs play an important role in limiting excessive inflammation 

by preventing the interaction of these moieties with proinflammatory PRRs (36).  

Interestingly, it has been recently reported that bone marrow-derived dendritic cells from 

mice which are heterozygous SR-A +/- and TLR2 +/- display impaired phagocytosis of 

unopsonized gram-positive Staphylococcus aureus (37).  The authors recapitulate this 

effect with SR-A +/-, MyD88 +/- cells, demonstrating for the first time that TLR-

mediated signaling can regulate SR-A dependent bacterial phagocytosis.   

AM Receptors for Opsonized Bacteria 

Within the alveolar environment, extracellular factors such as complement, 

immunoglobulin (Ig), and SP-D, can opsonize particles by recognizing and binding 
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PAMPs, and each of these has been found to participate in host defense against S. 

pneumoniae, as described below.  The complement system is composed of a large 

number of proteins which interact with one another sequentially and in parallel to 

facilitate the removal and killing of exogenous organisms [reviewed in (38)].  The 

opsonic function of complement can be activated by three distinct mechanisms, termed 

the classical, alternative, and mannose-binding lectin pathways.  Because the alternative 

pathway involves direct deposition of complement on the pathogen surface, while the 

classical pathway is associated with antibody deposition, it has been assumed that the 

alternative pathway played a more prominent role in innate immunity to S. pneumoniae.  

Likewise, several in vitro studies demonstrated activation of the alternative pathway in 

the presence of pneumococcal components (39, 40).  More recent data generated with 

mice genetically deficient in specific complement components has demonstrated the 

importance of the classical pathway in both intravenous and intranasal infection models 

(41).  Further, the first component in the classical pathway (C1q) has been shown to bind 

pneumococcal cell wall in the absence of Ig (42).   

Regardless of the initiating pathway of complement fixation, all culminate with 

the cleavage of complement component 3 (C3), and deposition of the resulting fragments 

C3b and, more importantly for phagocytosis, iC3b on the surface of the pathogen.  In 

addition to opsonization, the C3b fragment possesses enzymatic activity that can lead to 

the generation of the membrane attack complex, a complement-derived protein complex 

capable of killing cells through disruption of cell membranes.  However, S. pneumoniae 

is resistant to the cytolytic activity of this complex due to the distance between the outer 

capsule and cell wall.  The binding of C3 fragments and surfactant proteins to a variety of 
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dedicated leukocyte surface receptors greatly facilitates phagocytic uptake of opsonized 

particles and transduces opsonin- and receptor-specific signals to the cytoplasm, 

conferring additional sensory functionality (43, 44).  Consistent with the central role of 

complement in host defense against S. pneumoniae, genetic defects in complement 

function have been associated with increased susceptibility to pneumococcal infection in 

humans, and are most severe when disrupting the classical pathway of complement 

fixation (9, 45,46).  The importance of C3 in pulmonary pneumococcal infection was 

demonstrated by using C3-/- mice (47).  These mice were found to have increased 

pulmonary bacterial loads, increased dissemination out of the alveolar space, and reduced 

survival compared with wild-type animals.  Because these outcomes were not associated 

with a change in pulmonary leukocyte recruitment, the authors concluded that C3 likely 

exerts its effects through facilitation of opsonophagocytosis or direct microbial killing in 

this model. 

While complement components are serum proteins produced in abundance by the 

liver, they can be rapidly carried into the lung during inflammation, with significant 

increases of C3 in the airways observed as early as 1 hr following infection in a murine 

model of S. pneumoniae pneumonia (47).  Additionally, functional complement proteins 

have been observed in lavage fluid recovered from the lungs of healthy human subjects 

(48), and C3 has been found in lavage fluid from healthy mice, although at much lower 

levels than in serum (49).  Isolated lung sections (50), AMs (51), and type II alveolar 

epithelial-derived cells (52, 53), have been shown to produce functional complement in 

vitro, leading some to speculate that locally-produced complement proteins may 

contribute to host defense during early stages of respiratory infection (48, 50).   
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Monocytes express three primary forms of complement receptor (CR), which 

function as heterodimers of distinct α chains with a common β chain, designated CD18.  

The relative expression of these receptors changes with maturation of the cell, and is 

tissue-specific in resident macrophages (54, 55).  In circulating monocytes, CR1 levels 

are the highest, followed by CR3 and CR4.  In AMs, however, the order is reversed, and 

CR4 is expressed at the highest levels (56).  Macrophages maintain a substantial portion 

of their CR3 and CR4 within cytoplasmic pools, and activation of the cell with a stimulus 

such as phorbol ester rapidly induces receptor translocation to the plasma membrane and 

enhancement of iC3b binding (54).  In a mouse model of systemic serotype 3 

pneumococcal infection, CR3 -/- and CR4 -/- animals had reduced survival compared 

with wild-type controls (57).   

Immunoglobulins bind S. pneumoniae, and the development of type-specific 

antibody underlies acquired immunity from both infection and vaccination (58).  The 

presence of anticapsular antibodies in the blood reduces the risk of bacteremia during 

pneumococcal pneumonia (59), although recovery from pneumococcal infection can 

occur in the absence of such antibodies (60).  Alveolar macrophagess express receptors 

for the Fc portion of Ig, permitting opsonophagocytosis of Ig-opsonized targets.  Further, 

the rate of such phagocytosis can be modulated independently of receptor-ligand binding, 

through the activity of immune modulators such as leukotrienes (61).   

Working together, these systems enable context-dependent responses to specific 

stimuli.  For example, SP-A can attenuate TLR-mediated NF-κB activation and TNF-α 

production (62, 63), but also enhance Ig- and complement-mediated phagocytosis (64).  
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Alveolar epithelial cells also maintain AMs in a quiescent state through integrin-mediated 

interactions that are terminated by the presence of PAMPs (65; 66).  As a result of this 

high degree of regulation, AMs typically carry out their functions without inducing an 

overt inflammatory reaction (67), however when the clearance capacity of the resident 

AMs is exceeded, they respond with the generation of proinflammatory signals with both 

autocrine and paracrine effects resulting in the recruitment of other cells such neutrophils 

and interstitial or circulating monocytes to the site of insult(68, 69).   

Roles for Specific Cytokines 

In animal models, the use of monoclonal antibodies (mAb) and genetically-

engineered mice have provided evidence for the roles of several cytokines in host-defense 

against pneumococcal infections.  Treatment with TNF-α blocking mAb prior to 

infection lead to higher pulmonary bacterial burdens after 40 hr, and significantly earlier 

death in a murine model of pneumococcal pneumonia (70).  In IL-1 receptor knockout 

mice, the pulmonary bacterial burden was 2 orders of magnitude higher than wild-type 

counterparts 24 and 48 hr after infection, although survival did not differ (71).  

Administration of anti-TNF-α mAb prior to infection profoundly reduced survival of 

these mice compared with wild-type, with simultaneous blockade of both IL-1β and 

TNF-α resulting in the death of all the animals in the group.  Another study found both 

increased bacterial loads and reduced survival of IL-1β knockout mice, which was 

significantly improved with the administration of recombinant IL-1β (72).  Interleukin-6 

has also been shown to play a positive role in innate host defense against pneumococcal 

pneumonia, as IL-6 -/- displayed higher pulmonary bacterial loads 40 hr post-infection, 
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and reduced survival times (73).  Because these mice had higher pulmonary levels of 

TNF-α and IL-1β than the corresponding wild-type animals, the authors concluded that 

IL-6 serves primarily an antiinflammatory function.  If this interpretation is correct, it 

would stand in contrast to the antiinflammatory cytokine IL-10, which was found to 

impair innate host defense against pneumococcal pneumonia (74).  Here, the addition of 

recombinant IL-10 to instillation with S. pneumoniae resulted in higher pulmonary 

bacterial burdens and reduced survival time.  Similarly, treatment with anti-IL-10 prior to 

infection reduced the number of pulmonary bacteria, and increased survival time. 

The cytokines IL-12, IL-18, and interferon-gamma (INF-γ) have typically been 

associated with development of a T-helper (Th) 1 mediated response, promoting the 

activity of phagocytes, and early host defense functions (75).  The role of these cytokines 

in pneumococcal infection is less clear, with conflicting results in different models.  In a 

model using INF-γ -/- mice developed on a C57BL/6 background, the absence of INF-γ 

was associated with significantly increased mortality following pulmonary pneumococcal 

infection (76).  Conversely, another study compared BALB/C-derived INF-γ -/- mice 

with wild-type counterparts in a murine pneumococcal pneumonia model, finding no 

increased mortality, and fewer bacteria in the lungs of knockout animals (77).  Likewise, 

INF-γ receptor-deficient mice showed reduced pulmonary load and no difference in 

mortality compared with wild-type counterparts.   

One study on the role of IL-12 found no reduction in pulmonary pneumococcal 

clearance in IL-12 -/- mice, nor significant effects of prior treatment with IL-12 

neutralizing mAb (78).  In contrast, others have observed reduced pulmonary clearance of 



 13

S. pneumoniae and decreased survival time in mice lacking p40, a monomer of IL-12 

(79).  This defect was restored with the addition of recombinant IL-12.  The authors of 

another report found that pulmonary instillation of recombinant IL-12 given 24 hr prior to 

infection reduced bacterial load and improved survival in wild-type mice, although no 

such effects were seen when INF-γ knockout mice were similarly treated   

A positive role for IL-18 was suggested by the finding that IL-18 -/- mice had 

significantly higher pulmonary bacterial burdens and dissemination into the blood at 24 

and 48 hr following infection (78).  Similarly, wild-type mice treated with anti-IL-18 

mAb displayed significantly higher bacterial burdens in the lungs.  However, a report 

comparing the effects of IL-18 on nasal colonization, pneumonia, and bacteremia caused 

by S. pneumoniae found lower pulmonary bacterial burdens in IL-18 knockout mice (80).  

The authors note that the effects of IL-18 vary with both the location of infection and the 

pneumococcal strain. 

Neutrophils 

Neutrophils share a common myeloid progenitor cell with macrophages, and are 

rapidly recruited into the alveolar space following bacterial infection or other 

inflammatory stimuli [reviewed in (81)].  Neutrophils and AMs share many common 

features such as the expression of PRRs (e.g. TLRs, NODs) and perform common 

functions such as bacterial phagocytosis and killing, and elaboration of cytokines.  There 

are important dissimilarities as well, such as the production of neutrophil extracellular 

traps (NETs) containing antimicrobial proteins attached to a lattice of nucleic acid 

filaments (82).  These structures are thought to function both in physically preventing the 
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spread of pathogens, as well as bringing them into close proximity to the associated 

antimicrobial factors.  Alveolar deposition of NETs has been observed in pneumococcal 

pneumonia (83), however it is believed that S. pneumonia is resistant to them in part due 

to positively-charged moieties on the capsular surface (84).  Neutrophils may have 

detrimental effects under conditions of excessive inflammation, but a positive role in 

pneumococcal pneumonia has been demonstrated be depleting these cells with a 

neutralizing antibody prior to infection (85).  In this model, the depletion of neutrophils 

led to significantly higher pulmonary bacterial burdens in a high-dose infection, but not 

in lower-dose infections. 

Reactive Oxygen and Nitrogen Species 

 Both neutrophils and AMs can generate reactive oxygen and nitrogen species 

through the actions of nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase 

and nitric oxide synthase (NOS), respectively.  Generation of reactive oxygen species 

contributes to bacterial killing, and defects in components of NADPH-oxidase lead to 

chronic granulomatous disease, with increased susceptibility to infection (86).  Emerging 

evidence suggests that reactive oxygen species may function not only in direct microbial 

killing, but also in signal transduction (87, 88).  Components of the NADPH-oxidase 

system assemble on the maturing phagosome, and there are indications that the complex 

can cooperate with TLRs to guide phagosome maturation (89).  Reactive nitrogen species 

kill S. pneumoniae in vitro, and mice deficient in NOS had lower bacterial loads in a 

systemic pneumoccal infectioin model, but higher pulmonary burden in a pneumonia 

model (90).   
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Cigarette Smoke and Infectious Disease 

CS exposure has been associated with higher rates of pneumococcal carriage (91), 

and multiple epidemiological studies have shown increased incidence of pneumococcal 

infections in CS exposed populations.  In a retrospective case-control study of male 

patients with culture-confirmed pneumococcal infections (10), Lipsky et al. determined 

that the relative risk of current smokers was 4.00 compared with non-smokers, while 

former smokers had a relative risk of 2.14, which did not reach significance.  It should be 

noted that this group was composed of adult males, and most studies find that males are 

more frequently affected by pneumococcal infections (60).  Additionally, as the study 

examined men who were referred to a clinic from services for the homeless, it represents 

a subgroup distinct from the general population.   

Pastor et al. (92) used an active surveillance program to study the population of 

Dallas County, Texas in 1995, and identify cases of invasive pneumococcal disease 

(defined as a positive culture isolated from a normally sterile body fluid such as blood).  

In adults aged between 25 and 64 years, current smoking was associated with significant 

odds ratios of 2.6, with a 95% confidence interval (CI) of 1.9 to 3.5, and in those 65 years 

or older 2.2  (95% CI, 1.4 - 3.4).  This study did not collect data on past or passive CS 

exposure, which may have lowered the magnitude of the observed effect, due to the 

presence of exposed individuals in the “nonsmoker” group. 

In a large population-based case control study (93), Nuorti et al. examined active 

surveillance data from Baltimore, Atlanta and Toronto, Canada for cases of invasive 

pneumococcal disease, defined as in the previous report.  The odds ratio among current 
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smokers was determined to be 4.1 (95% CI, 2.4 - 7.3), and among passively-exposed 

nonsmokers it was 2.5 (95% CI, 1.2 - 5.1).  In smokers, 51% of cases were attributable to 

CS exposure.  This should be considered the key study due to the large population size, 

extensive controls for possible confounding factors, and the collection of information on 

smoking behaviors, history and passive smoke exposures.  These additional data allowed 

the authors to demonstrate dose response relationships between pneumococcal disease 

risk and the number of cigarettes smoked per day, as well as total pack-years.  Strikingly, 

while an inverse relationship was found between incidence and time since cessation in 

former smokers, levels did not achieve parity with never-smokers until 13 years 

following cessation. 

The above studies are distinct from others which have found an increased 

incidence of community-acquired pneumonia in smokers (94, 95) in that all cases were 

confirmed to be of pneumococcal origin.  Pneumococcal infections are not unique in 

being influenced by CS exposure. Such associations have been demonstrated in human 

populations for many infectious diseases (96), including tuberculosis (97), influenza (98), 

legionnaires disease (99), upper respiratory infections (100), Helicobacter pylori 

infection (101), meningococcal disease (102), and sexually-transmitted diseases (103).  

While epidemiological associations of this type can provide many useful insights, they 

cannot fully control for the inherent diversity of physiological and pathophysiological 

processes simultaneously occurring in human populations.   

The pathology of COPD is an example of such diversity.  COPD is chronic 

respiratory disease, marked by airway obstruction, leading to shortness of breath, 
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punctuated by acute exacerbations of symptoms that can be induced by infections or 

other inflammatory stimuli (104).  Such acute exacerbations of COPD (AECOPD) can 

lead to shortness of breath, hospitalization or death.  Most of the estimated 12 million 

cases of COPD in the US (105) are attributable to smoking, and in 2004, the disease is 

believed to have caused over 100,000 deaths among the US population.  It has been 

projected to become the world’s fifth-leading cause of chronic morbidity and mortality by 

2020 (106).  For unknown reasons, only 15-20% of smokers will develop clinically-

significant symptoms of COPD, demonstrating the contribution of individual 

susceptibility to disease progression (107).  Much research has focused on identifying 

genetic and environmental determinants of susceptibility to the development and 

progression of COPD.  Unfortunately, the factors underlying susceptibility to COPD 

remain very poorly understood. 

Acute exacerbations are accompanied by pulmonary and systemic inflammation, 

and undoubtedly there are mechanistic relationships between immune function and 

COPD.  For example, on study of patients with AECOPD found bacterial or viral 

infections in 78% of cases and airway neutrophilia in all cases (108).  The magnitude of 

neutrophilia was correlated with exacerbation severity, independent of positive or 

negative finding of infection.  Elevated serum levels of TNF-α and IL-6 have been found 

in COPD patients compared with healthy controls even in the absence of acute 

exacerbation (109).  The mechanisms responsible for AECOPD are not fully understood, 

but it has recently been proposed that they could involve both ineffectual immune 

responses leading to lung infections and overly forceful reactions leading to excessive 

inflammation (110).   
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Pneumococcal carriage (111) is associated with development of acute 

exacerbations, and COPD patients are at increased risk for pneumococcal pneumonia(10).  

Similarly, antibiotics (112) and pneumococcal vaccination (113) have proven therapeutic 

benefits in AECOPD.  A better understanding of the effects of CS exposure on host 

defense against pneumococcal infection may ultimately be useful in the study of COPD. 

Animal Models 

Animal models have been used to study relationships between cigarette smoke 

and a human health effects including COPD (114), cancer (114), fertility (115), nicotine 

addiction (116), and sudden infant death syndrome (117).  While such models 

unavoidably differ from human subjects, they offer the benefits of greater control of 

experimental conditions and reduced genetic variability.  Modeling human smoking 

represents a particular challenge, due to the volitional nature of dosing in human 

smokers.  Because few non-primate models involve direct, active smoking by the subject, 

most models use some form of apparatus to mechanically generate smoke.  This smoke 

must then pass into a chamber or nose-only exposure system, and thus such models 

represent a compromise between smoking and exposure to environmental tobacco smoke 

(ETS).  Additionally, practical considerations typically preclude duplicating human 

dosing patterns, which often involve smoking throughout the day, every day, sometimes 

for many years.  Decisions regarding duration, magnitude, and timing of exposures are 

dictated by the goals of the individual experiment, and thus wide variability is found from 

model to model.  This presents a challenge when comparing data from different systems.   
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In vivo studies of experimentally-induced pulmonary infection have found 

increased burdens of the viral pathogens respiratory syncytial virus (118), influenza A 

(119), the fungal pathogen Pneumocystis murina, (120), and the bacterium Pseudomonas 

aeruginosa (121) in smoke-exposed animals.  Surprisingly, this approach has not been 

applied to elucidate the effects of CS exposure on host defense against pneumococcal 

pneumonia.  One report exists in which rats were intratracheally infected with S. 

pneumoniae following 8 weeks of CS exposure as a control group in a larger study of 

ethanol-mediated host defense impairments (122).  No impairment was found in the CS 

group, however the animals were euthanized one hour following infection.  More 

importantly, the model involved pre-recruitment of neutrophils by administration of 

Gram-negative lipopolysaccharide into the lungs several hours prior to infection, making 

this model more closely resemble polymicrobial rather than pneumococcal pneumonia.   

Many more reports describe effects of CS exposure on specific functional 

parameters such as elastin fragment-mediated AM chemotactic activity (123), increased 

pulmonary TNF-α and IL-6 protein levels (124), and elevated markers of lipid 

peroxidation (125) within the lungs of CS-exposed mice.  Cigarette smoke produces 

extensive effects on AM functions with inferable relevance to pneumococcal infections, 

including alteration of surface receptor expression (126), pathogen recognition and 

subsequent cytokine production (127-129), phagocytosis (130; 131), and microbial 

killing (132).   

Project Focus 
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The goal of this project was to test the hypothesis that CS exposure impairs innate 

host defense against pneumococcal pneumonia, at least in part through a mechanism 

involving disruption of alveolar macrophage AM phagocytosis and cytokine production.  

AMs are known to accumulate in the lungs of smokers (133), creating an apparent 

paradox in light of impaired host defense in these individuals.  With their comparatively 

long life spans, AMs are likely to experience particularly heavy cumulative exposures 

relative to other cells.  However, few studies have directly addressed the effects of CS on 

AM function in the context of pneumococcal pneumonia, despite the importance of this 

pathogen, and the heightened infection risk in smokers.  This fact formed part of the 

rationale for the project, as such an animal model would be useful in the exploration of 

pathophysiological mechanisms, and perhaps ultimately, translation to therapeutic 

applications.   

The decision to focus on AMs as a mechanism when examining CS-mediated 

susceptibility to infection with S. pneumoniae reflects the early and central role of these 

cells in innate host defense, as well as the lack of published reports addressing the 

question.  However, CS is a complex mixture containing literally thousands of individual 

compounds (134), with many effects not directly mediated through the AM.  Therefore, 

the effects described here will constitute only one aspect of CS-mediated host defense 

impairment.  Hopefully these observations will contribute to the growing interest in the 

effects of environmental exposures on immune function, and suggest new questions to 

ask as we seek to better understand these effects.   
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Fig 1.1  Alveolar macrophage in situ 
Murine lung section stained with hematoxilin and eosin ( 400 x magnification) 
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CHAPTER 2 

Low and regular tar cigarette smoke impairs alveolar macrophage TNF-α and 
PGE2 synthesis and phagocytosis of opsonized bacteria 

Introduction 

Cigarette smoking is a well-known cause of lung cancer and chronic obstructive 

pulmonary disease (1).  It is also a significant cause of pulmonary infections due to its 

ability to suppress the immune response (2, 3).  Cigarette smoke (CS) exposure 

suppresses the host defense mechanisms of the upper and lower respiratory tract and is 

associated with an increased rate of colonization with Streptococcus pneumoniae (4).  

Pneumonia caused by S. pneumoniae, or pneumococcal pneumonia, is the most common 

cause of community-acquired pneumonia and is the leading cause of death from invasive 

bacterial infections (5, 6).  In a study by Nuorti et al., exposure to CS was the single most 

important controllable risk factor for invasive pneumococcal disease in the 

immunocompetent non-elderly host (7).  While the association between cigarette smoke 

exposure and an increased incidence of bacterial pneumonia is well established, much 

remains unknown regarding the mechanisms by which cigarette smoking impairs 

pulmonary host defense.   

 Cigarette smoke exposure suppresses the antibacterial activities of the alveolar 

macrophage (AM) through mechanisms that are poorly understood (8-10)  The limited 
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numbers of studies that have assessed the impact of cigarette smoke exposure on relevant 

AM functional endpoints have not provided consistent results.  For example, a number of 

investigators have demonstrated that cigarette smoke exposure inhibits the elaboration of 

cytokines (TNF-α, IL-1β, IL-6, and IL-12) and lipid mediators (PGE2) (11, 9, 12, 13).  In 

contrast, others have shown that cells obtained from smokers or cells exposed to cigarette 

smoke conditioned media (CSCM) in vitro produce increased levels of proinflammatory 

cytokines and PGE2 (14-16).   

Tobacco smoke is a complex mixture of over 4800 chemicals and little is known 

regarding the immunosuppressive effects of these compounds. The tar fraction of 

cigarette smoke is a non-aqueous component of cigarette smoke condensate that has 

received considerable attention in regard to its role in lung cancer (17).  Light, ultra-light, 

or low tar cigarettes, which account for 82% of cigarette sales in the U.S., have been 

erroneously perceived by smokers as a less hazardous product that could be used as a step 

toward cessation (18, 19).  Surprisingly, there are very few studies that have compared 

the effects of low tar (LT) and regular tar (RT) cigarette smoke on health outcomes in 

human subjects and in animal models of cigarette smoke-induced lung disease (19-23).  

There are no studies, to our knowledge, that have explored the effects of LT and RT 

cigarette smoke on AM innate immune responses against S. pneumoniae.  In the present 

study, we tested the hypothesis that the tar content of cigarettes might play an important 

role in modulating AM inflammatory mediator synthesis and phagocytosis of S. 

pneumoniae in vitro.  

Methods 
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Animals 

Specific pathogen-free male C57BL/6 mice, 8-12 weeks of age, were obtained 

from Jackson Laboratories, (Barharbor, ME) and female Wistar rats, weighing 125-150g, 

were acquired from Charles River Laboratories, (Portage, MI).  All experiments were 

conducted in compliance with the Animal Care and Use Committee of the University of 

Michigan. 

Cigarette smoke exposure 

Mice were exposed to main-stream cigarette smoke from regular tar (RT) (2R4F, 

9.7 mg of tar per cigarette) or low tar (LT) (1R5F, 1.7 mg of tar per cigarette) (University 

of Kentucky, Lexington, KY) cigarettes generated by a smoking machine, mixed with 

room air as previously described (24), and adapted for mice (25) 4 h per day, 5 days per 

wk for 2 weeks in a whole-body exposure chamber.  During exposure, the mice were in 

standard caging units with wire tops and water ad libidum, however food and bedding 

were removed to reduce non-respiratory routes of exposure.  Control animals were in 

identical caging units, but exposed to room air rather than CS.  Total suspended dry 

particulate mass during the 4 h exposures was 1.8 mg/m3 for RT and 1.7 for mg/m3 LT.  

For the short-term (1 wk), high-dose, tobacco smoke exposure experiments, cigarette 

smoke was generated from RT cigarettes using a TE-2 (Teague Enterprises, Davis, CA) 

smoke generator at a concentration of 50 mg/m3, with controls housed as above. 

AM harvest and culture 
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AMs were obtained by bronchoalveolar lavage (BAL) as previously described 

from rats or mice exposed to tobacco smoke for 2 weeks or room air (26).  After lavage 

fluid centrifugation at 4°C at 400 g for 5 min, the cell pellet was resuspended in Hanks' 

balanced salt solution (HBSS, GIBCO, Grand Island, NY), and the cells were enumerated 

using a hemocytometer. The cells were centrifuged a second time and resuspended in 

RPMI 1640 (GIBCO) to a concentration of 5 x 105 cells/ml. Murine or rat AMs were 

adhered to cell culture wells (2 x 105/well) in RPMI 1640 for 1 h. After 1 h, the cell 

culture medium was replaced with complete medium (RPMI containing 10% fetal bovine 

serum and 1% penicillin/streptomycin, GIBCO), and the macrophages were cultured for 

16 h. 

Lung leukocyte isolation and assessment 

Following exposure to tobacco smoke or room air, lungs were excised from each 

mouse, washed with PBS, minced with scissors, and digested enzymatically for 30 min in 

15 ml digestion buffer (RPMI 1640, 5% FCS, 1 mg/ml collagenase (Boehringer 

Mannheim, Chicago, IL) and 30 µg/ml DNase (Sigma-Aldrich, St. Louis, MO), as 

previously described (27).  A purified population of leukocytes was obtained after 

subsequent sample processing involving tissue fragmentation, erythrocyte lysis, filtration, 

and density gradient centrifugation to remove cell debris and epithelial cells.  The total 

number of viable lung leukocytes was determined by trypan blue exclusion using a 

Neubauer hemocytometer.  Differential counts were determined after cells had been 

cytospun onto glass slides using a cytocentrifuge (Cytofuge 2, StatSpin, Inc, Norwood, 

MA) and stained using a modified Wright-Giemsa stain (DiffQuick; American Scientific 
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Products, McGraw Park, IL).  A total of 200–400 cells were counted from randomly 

chosen fields using light microscopy (x1000). The total number of cells of a particular 

leukocyte subset was determined by multiplying the percentage of each population in a 

particular sample by the total number of lung leukocytes collected from each mouse.  

Preparation of CSCM 

  CSCM was prepared by drawing (bubbling) the smoke from five 2R4F cigarettes, 

secured to the inlet port of a glass impinger (Ace Glass, Vineland, NJ), through 50 ml of 

RPMI 1640 contained in a reservoir. Aliquots of the CSCM were stored at –70°C.   

In vitro CSCM exposure 

Rat AMs (2 x 105 per well) were cultured over night with 1% CSCM in complete 

medium.  Using the XTT assay (Roche Diagnostics, Indianapolis, IN), we observed that 

culturing AMs with 1% CSCM, as compared with media alone, did not significantly 

influence cell viability (data not shown).  

Stimulation of AMs with lipoteichoic acid or heat killed Streptococcus pneumoniae for 

cytokine and PGE2 synthesis 

Isolated leukocytes recovered from collagenase digest of the lungs of mice 

exposed to either room air or tobacco smoke generated from RT, or LT cigarettes and 1 x 

106 cells were adhered to cell culture dishes for 1 h.  Following adherence, the non-

adherent cells were washed away and the cells were cultured with complete media alone 

or with heat-killed S. pneumoniae (4 x 108/well) [serotype 3, (ATCC 6303, American 
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Type Culture Collection, Manassas, VA)], for 16 h at 37°C with 5% CO2 in room air.  

Rat AMs were stimulated to produce TNF-α using 10 μg/ml lipoteichoic acid derived 

from S. aureus (Sigma, St. Louis, MO) in the presence or absence of 1% CSCM and N-

acetyl cysteine (NAC) diluted in cell culture media (Calbiochem, San Diego, CA). 

Aliquots of cell culture supernatants were collected from each well and stored at –70°C.  

Cytokine and PGE2 determinations 

Cytokines (TNF-α and IL-6) and PGE2 were determined in cell culture 

supernatants using commercially-available enzyme-linked immunoassay kits (Assay 

Designs, Ann Arbor, MI). 

Phagocytosis Assays 

Phagocytosis of fluorescently-labeled S. pneumoniae was performed using the 

methods as previously described (Mancuso et al., 2006). In brief, 2 x 105
 AMs were 

incubated with 2 x 106
 CFUs of fluorescently labeled S.pneumoniae with 2.5% 

autologous serum in RPMI (total volume 1 ml) for 30 min.  The percentage of AMs 

containing fluorescent S. pneumoniae was determined by counting 200 macrophages in 

random fields using fluorescent microscopy (1000x) by an observer who was blinded to 

the identity of the samples. The data was normalized to the values obtained for the 

percentage of AMs with bacteria of the control animals.  

Phagocytosis of FITC-labeled Escherichia coli (E.coli) was performed with rat 

AMs cultured with and without 1% CSCM and NAC (0.5 mM) overnight.  On the 

following day, the AMs were assessed for their ability to phagocytose IgG-opsonized 
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FITC-labeled E.coli using the Bioparticle phagocytosis kit (Invitrogen, Molecular Probes, 

Eugene, OR) as previously described.  The data was normalized to the values obtained 

for AMs cultured in medium without CSCM. 

Statistical analysis 

Where appropriate, mean values were compared using a paired t-test or Kruskal-

Wallis test on ranks from nonparametric data.  In all cases, a P value of <0.05 was 

considered significant.  

Results 

Effect of cigarette smoke exposure on lung cell populations obtained from BAL fluid and 
collagenase digest of the lungs of mice 

As shown in Figure 2.1, the majority (>95%) of cells obtained from the BAL fluid 

of mice exposed to either room air or tobacco smoke from either RT or LT cigarettes 

were identified as AMs and the total number and each subtype did not differ among 

treatment groups.  While there was a trend for lower numbers of AMs in mice exposed to 

RT tobacco smoke, this difference can be explained by the variability in the total number 

of cell harvested from each mouse.  Using the collagenase digest the of lung procedure, 

we assessed the effects of tobacco smoke on the total lung leukocyte population.  We did 

not observe a significant difference between any of the treatment groups in either the total 

number or subtype of lung leukocytes.      

Both RT and LT cigarette smoke exposure impair lung leukocyte TNF-α and PGE2 
synthesis 
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As the synthesis of cytokines TNF-α and IL-6 synthesis is required for an 

effective innate immune response against S. pneumoniae, and emerging evidence 

supports a role for PGE2 in regulating pulmonary innate immunity (28-30), we assessed 

the ability of lung leukocytes recovered from mice exposed to either room air or tobacco 

smoke generated from RT or LT cigarettes to produce TNF-α, IL-6 and PGE2 in the 

absence and presence of heat-killed bacteria.  As shown in Figure 2.2, TNF-α production 

was absent in lung leukocytes that were cultured with medium alone.  However, when 

these cells were cultured with heat-killed S. pneumoniae, we observed a robust 

production of this cytokine in AMs obtained from mice exposed to room air. This 

response was reduced by approximately 30% in AMs from either RT or LT tobacco 

smoke exposure.  IL-6 production was reduced in lung leukocytes obtained from mice 

exposed to RT tobacco smoke with and without heat-killed S. pneumoniae.   

Interestingly, IL-6 production, with and without heat killed S. pneumoniae, was 

not affected by LT tobacco smoke exposure.  We next evaluated the production of PGE2 

by lung leukocytes. This eicosanoid has been shown to suppress the ability of 

macrophages to produced TNF-α (31).  We observed that the production of PGE2 by lung 

leukocytes recovered from mice exposed to tobacco smoke from either RT or LT 

cigarettes was significantly reduced following culture with heat killed-S. pneumoniae.   

Finally, we observed no differences in cell viability among our treatment groups 

suggesting that this does not explain the effects of tobacco smoke exposure on lung 

inflammatory mediator production (data not shown).   

Cigarette smoke exposure impairs murine AM phagocytosis of S. pneumoniae but not 
IgG-coated microspheres 
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The AM plays a critical role in the defense of the lung, clearing microbial 

pathogens through the process of phagocytosis and killing.  To determine if cigarette 

smoke affects the capacity of AMs to phagocytose S. pneumoniae, we compared the 

phagocytic ability of AMs recovered from mice exposed to the smoke generated from 

either RT or LT cigarettes in vitro.  As mentioned in the methods section of this report, 

mice were exposed to equal amounts of smoke generated from these cigarettes as 

indicated by the amount of particulate collected during the exposure periods.  As shown 

in Figure 2.3, both RT and LT cigarette smoke exposure for 2 wks, as compared with 

exposure to room air (control), reduced the ability of AMs to phagocytose S. pneumoniae.  

The ability of AMs to phagocytose bacteria was reduced by approximately 50% in the RT 

and 40% in the LT treatment groups.   

Next, we examined whether a higher level of cigarette smoke (50 mg/m3 for 4 h) 

exposure administered during a shorter period of time (1 wk) could reduce phagocytosis 

of S. pneumoniae.  As shown in Figure 2.4, as compared with the control, 30% fewer 

AMs from mice exposed to a high-dose of RT smoke were able to phagocytose serum 

opsonized S. pneumoniae.  To determine whether the effect of RT smoke was specific for 

phagocytosis of serum opsonized bacteria or affected the AM’s ability to phagocytose 

other targets, we assessed AM Fcγ receptor-mediated phagocytosis by determining the 

ability of AMs to phagocytose inert targets (polystyrene microspheres) coated with the 

immunoglobulin G (IgG).  In contrast to serum opsonized S. pneumoniae, there was no 

difference between our treatment groups in AM phagocytosis of IgG-opsonized 

microspheres.     
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CSCM impairs AM phagocytosis of IgG-opsonized FITC-labeled E.coli 

As an alternative approach to assess the ability of tobacco smoke exposure to 

impair AM Fcγ receptor-mediated phagocytosis, we next assessed AM phagocytosis of 

FITC-labeled E.coli opsonized with IgG following treatment with CSCM (Figure 2.5).   

We used rat AMs for these studies since much greater quantities of these cells can be 

obtained per animal and much is known about the regulation of Fcγ receptor-mediated 

phagocytosis in these cells (28, 32-34).  We also employed the use of CSCM, which is a 

common in vitro model for cigarette smoke exposure.  This in vitro treatment with 

CSCM also permitted us to culture cells in the presence of NAC to determine if these 

agents could block the immunosuppressant effects of tobacco smoke exposure.  A 

previous report by Green indicated that the addition of glutathione or cysteine to AMs 

inhibits the reduction in phagocytosis caused by CSCM (35).  As shown in Figure 2.5, 

culturing AMs overnight with 1% CSCM impaired phagocytosis of FITC-labeled E.coli 

by approximately 45%.  Culturing the AMs with CSCM and NAC, at doses previously 

shown to maintain normal levels of reduced glutathione levels (NAC) did not restore 

phagocytosis.  The inhibitory effect of CSCM was not due to differences between our 

treatment groups in cell viability as determined by the XTT assay (data not shown).  

Together with Figure 2.4, the finding that CSCM impairs the ability of AMs to 

phagocytose opsonized bacteria rather than an inert target opsonized with IgG suggests 

that CSCM inhibits the ability of AMs to respond to bacteria in vitro.  

CSCM induced impairment of AM TNF-α synthesis is not reversed with NAC in vitro. 
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We have already observed a reduction in TNF-α production by lung leukocytes 

obtained from mice exposed to RT tobacco smoke following stimulation with heat-killed 

S. pneumoniae.  In the next set of experiments, we asked if NAC could restore TNF-α 

synthesis in AMs cultured with CSCM.  We also used the TLR2 ligand, lipoteichoic acid, 

a component of the cell wall of gram-positive bacteria, to stimulate these cells to produce 

TNF-α since TLR2 expression is reduced in the AMs of smokers (36).  As shown in 

Figure 2.6, culturing AMs with CSCM inhibited TNF-α synthesis by approximately 50%.  

Culturing these cells with CSCM and NAC did not restore TNF-α synthesis.  This result 

suggests that CSCM inhibits cytokine synthesis via a TLR2 dependent mechanism. 

Discussion 

The AM plays a critical role in orchestrating the innate immune response against 

bacteria that reach the alveolar surface.  The population of these cells increases up to 5-

fold in human cigarette smokers (37).  Despite this fact, smokers exhibit an increased risk 

of pneumococcal pneumonia (38). In the present study, we did not observe any changes 

in the total number of leukocytes obtained from BAL fluid or collagenase digest of the 

lungs after two weeks of either tobacco smoke or room air exposure.  Although others 

have observed increases in macrophages, neutrophils, and lymphocytes using a longer 

duration or higher level of smoke exposure (39, 40), our findings suggest that the 

alterations in AM phagocytosis of bacteria and cytokine and PGE2 production are not due 

to changes in the population of cells recruited to the lungs in response to tobacco smoke 

exposure. 
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The production of inflammatory cytokines such as TNF-α and IL-6 during 

pneumococcal pneumonia is known to play a critical role in host defense (29, 30, 41). 

While a number of studies have demonstrated that tobacco smoke decreases alveolar 

macrophage cytokine production, very few studies have compared the effects of tar levels 

in cigarettes on this response.  The reduction in TNF-α and IL-6 following RT tobacco 

smoke and CSCM exposure in lung leukocytes and AMs, respectively, is in agreement 

with previous reports (12, 13).  However, we also found that LT smoke exposure reduced 

TNF-α but not IL-6 synthesis in lung leukocytes.  This finding is novel and suggests that 

LT tobacco smoke lacks a component that is present in the tar fraction cigarette smoke 

that inhibits an essential component of IL-6 activation or synthesis.  However, this result 

does not suggest that LT, as compared with RT, cigarette smoke exposure is less 

immunosuppressive since we observed no differences in other endpoints.   

PGE2 is a potent immunomodulatory lipid derived from the cyclooxygenase 

pathway of arachidonic acid metabolism known to inhibit TNF-α synthesis in 

macrophages (31).  Prostaglandin production is significantly induced at sites of 

inflammation by the rapid up-regulation of enzymes such as cyclooxygenase-2 and 

microsomal PGE2 synthase-1 (42).  Exposure of human fibroblasts to CSCMs has also 

been shown to enhance the expression of cyclooxygenase-2, microsomal PGE2 synthase-

1, and subsequent PGE2 synthesis.(43).  In addition, Mao and colleagues have 

demonstrated that AMs recovered from active smokers produce greater amounts of PGE2 

following stimulation with a calcium ionophore (15).  Our observation that PGE2 

synthesis was reduced in lung leukocytes recovered from mice exposed both LT and RT 

tobacco smoke indicates that the suppression of TNF-α synthesis was not due to 
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enhanced prostanoid synthesis.  This seems to contradict previous reports by Martey and 

Mao. However, in our experiments, heat-killed S. pneumoniae, known to activate 

macrophages via the toll-like receptors 2 and 4, was employed to stimulate cytokine and 

PGE2 in lung leukocytes (44, 45) .  We speculate that the observed reduction in TNF-α 

and PGE2 synthesis following tobacco smoke exposure may have been due to a reduction 

in the expression of toll-like receptors 2 whose expression in AMs is reduced in cigarette 

smokers (36).  Our results showing that CSCM inhibits TNF-α synthesis in AMs 

stimulated with the TLR2 agonist, LTA, supports this speculation.  

Our results showing similar suppression of AM phagocytosis of S. pneumoniae 

following exposure to either RT or LT smoke confirms a previous report by Gonzalez-

Rothi and Harris who observed that phagocytosis of S. cerevisase was impaired in AMs 

obtained from rats exposed to the smoke generated from low yield cigarettes (1.7 mg of 

tar) (20).  In this study, the vents in the cigarettes were sealed to ensure that all of the 

smoke generated from these cigarettes reached the exposure chamber and to simulate the 

compensatory behavior of humans who smoke low tar cigarettes and block the vents with 

their fingers or lips to increase the yield of smoke from these exposures (46).  In our 

experiments, mice were exposed to nearly identical levels of particulates generated from 

each type of cigarette (RT 1.8 and LT 1.7 mg/m3).  These results indicate that tobacco 

smoke exposure, from either RT or LT cigarettes, would equally impair AM function in 

human smokers. 

Normal murine serum contains complement and many other potential opsonins. 

Upon activation of the alternative complement cascade, complement fragments C3b and 
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iC3b bind to bacterial surfaces.  Phagocytosis of serum opsonized S. pneumoniae is 

mediated by complement receptors known to be expressed by murine AMs such as CR1, 

CR3, and CR4 (47).  We observed an impairment in AM phagocytosis of S. pneumoniae 

following two weeks of tobacco smoke exposure, and exposure to high levels of smoke 

after one week, suggesting a rapid impairment of complement receptor mediated 

phagocytosis.  Keast and Taylor have also reported a similar reduction in complement 

mediated phagocytosis of S. aureus using PMNs from mice exposed to high tar tobacco 

smoke (48).  In contrast, a study by Klut and co-workers demonstrated that CR3 

(CD11b/CD18) expression increased in intravascular pulmonary neutrophils (PMN) 

following tobacco smoke exposure in rabbits (49). 

Cigarette smoke has been shown to induce oxidative stress and produce free 

radicals (50, 51).  We attempted to block the CSCM induced oxidative stress using a dose 

of NAC that has been shown to maintain intracellular levels of reduced glutathione (16, 

50).  Nether of these treatments could block the suppressive effects of CSCM on TNF-α 

synthesis or phagocytosis.  These data imply that the oxidative stress induced by CSCM 

could not be blocked by NAC or that CSCM inhibits AM cytokine synthesis and 

phagocytosis through mechanisms that are independent of oxidative stress.    

While we have demonstrated that smoke exposure reduced phagocytosis of serum 

opsonized S. pneumoniae, we also found no deficiency in the ability of AMs from 

tobacco smoke exposed mice to phagocytosis IgG-coated microspheres.  This result does 

not imply that tobacco smoke exposure selectively impairs phagocytosis of serum 

opsonized S. pneumoniae since we observed an impairment in AM phagocytosis of 
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FITC-labeled IgG opsonized E.coli following overnight exposure to CSCM in vitro.  

However, it may indicate that moieties, such as lipopolysaccharides, lipoteichoic acid, 

and muramyl peptides, that are present on the surface of E. coli and S. pneumoniae 

(respectively) and absent in IgG-coated microspheres, may play an important role in 

enhancing the ability of AMs to phagocytose S. pneumoniae.  In fact, phagocytosis of 

S.pneumoniae is delayed in PMNs obtained from TLR2 deficient mice indicating an 

important role of TLR2 in the activation of the phagocytic response (52).  Based on our 

results, future investigation, regarding the mechanism by which tobacco smoke exposure 

impairs AM phagocytosis of S. pneumoniae, is warranted. 

In summary, we have observed similar impairments in AM cytokine and PGE2 synthesis 

and phagocytosis of bacteria following exposure to either RT and LT tobacco smoke in 

vivo suggesting no health benefit from smoking low tar or “light” cigarettes. Finally, the 

observed defects in AM function in our studies may provide a partial explanation for the 

increased incidence of pneumococcal pneumonia in smokers.
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Figure 2.1.  Composition of pulmonary leukocyte populations following 2 weeks of CS 
exposure.  Lung leukocyte subtype counts obtained from bronchoalveolar lavage fluid 
(A) or collagenase digest of the lungs (B) in mice following 2 weeks of exposure to room 
air (control), smoke generated from regular tar (RT), or low tar (LT) cigarettes.   
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Figure 2.2.  Cigarette smoke impairs lung leukocyte cytokine and PGE2 production. 
Cytokine and PGE2 production was assessed in lung leukocytes obtained from mice 
following 2 weeks of exposure to room air (control), smoke generated from regular tar 
(RT), or low tar (LT) cigarettes. Lung leukocytes were obtained from collagenase digest 
of the lungs, purified by adherence, and cultured overnight with or without heat-killed S. 
pneumoniae.  Cell culture supernatants were assayed for cytokines TNF-α, IL-6, or PGE2 
using commercially available EIA kits.  Each value represents the mean ± SEM of 5 
separate experiments. *, P<0.05 vs. corresponding control.  

0

500

1000

1500

2000

Control RT LT
S. pneumoniae -        + -        + -        +

* *

IL
-6

 (p
pg

/m
l)

0

500

1000

1500

2000

Control RT LT
S. pneumoniae -        + -        + -        +

* *

TN
F-

α
 (p

g/
m

l)

0

250

500

750

1000

1250

1500

1750

Control RT LT
S. pneumoniae -        + -        + -        +

* *

PG
E 2

 (p
pg

/m
l)



 51

 

 

 

 

 

 

 

 

 

 

Figure 2.3.  Cigarette smoke impairs AM phagocytosis of serum-opsonized S. 
pneumoniae.  Phagocytosis of serum opsonized S. pneumoniae in alveolar macrophages 
(AM) obtained from mice following 2 weeks of exposure to room air (control), smoke 
generated from regular tar (RT), or low tar (LT) cigarettes. Each value represents the 
mean ± SEM of three separate experiments. *, P<0.05 vs. control.  AM phagocytosis of 
fluorescent S. pneumoniae is expressed as the percentage of cells containing bacteria.   
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Figure 2.4.  Cigarette smoke impairs AM phagocytosis of serum-opsonized S. 
pneumoniae, but not IgG-opsonized microspheres.  Phagocytosis of serum opsonized S. 
pneumoniae or IgG-opsonized microspheres in alveolar macrophages (AM) obtained 
from mice following 1 week of exposure to room air (control) or smoke generated from 
regular tar cigarettes. Each value represents the mean ± SEM of three separate 
experiments. *, P<0.05 vs. control.  Phagocytosis is expressed as the percentage of cells 
containing at least one particle. 
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Figure 2.5.  Impaired phagocytosis in CSCM-cultured AMs is not restored by NAC 
treatment.  Rat AMs were cultured overnight in media alone (control), or in 1% CSCM 
with or without NAC (0.5mM).  On the following day, phagocytosis of IgG-opsonized 
FITC labeled E.coli was assessed using a fluorimeter.  Each value represents the mean ± 
SEM of three separate experiments. *, P<0.05 vs control.  Phagocytosis was calculated as 
described and expressed as a percentage of the control value to which no CSCM was 
added. 
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Figure 2.6.  Impaired TNF-α production in CSCM-cultured AMs is not restored by NAC 
treatment.  AMs were cultured overnight with medium alone (control) or 1% CSCM and 
NAC (0.5mM).  Cell culture supernatants were assayed for TNF-α using a commercially 
available EIA kit.  The data represent the mean ± SEM of 3 separate experiments. *, 
P<0.05 vs control. 
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CHAPTER 3 

Cigarette smoke impairs complement-mediated alveolar macrophage phagocytosis 
and pulmonary innate host defense against pneumococcal pneumonia 

Introduction 

Pneumococcal pneumonia, caused by the gram-positive pathogen Streptococcus 

pneumoniae, is the most common form of community-acquired pneumonia in the US (1) 

and worldwide (2).  This organism can disseminate from the respiratory system, and is 

the leading cause of death from invasive bacterial infections (3), with antibiotic resistant 

strains becoming increasingly common (1).  Cigarette smoke (CS) exposure increases the 

risk of serious pneumococcal infections in humans (4, 5), although the mechanisms 

underlying this effect are not known.  Consistent with increased risk of many infectious 

diseases among smokers (6), animal models have been used to demonstrate impairments 

in host defense against viral (7, 8), fungal (9), and bacterial infections (10) in smoke-

exposed animals.  To our knowledge, no reports exist which demonstrate the effects of 

CS exposure on host defense in an animal model of pneumococcal pneumonia, despite 

the clinical significance of this pathogen.   

The alveolar macrophage (AM) is a specifically differentiated resident phagocyte 

in the pulmonary alveoli which acts to maintain an environment free of pathogens and 

debris (11).  In the non-infected individual, AMs constitute the majority of immune cells 
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within the alveolar space and act as a first line of innate host defense in the lung, using an 

array of receptors to recognize pathogen-associated molecular patterns (PAMPs) and to 

facilitate phagocytic uptake (12).  Normally, AM function is tightly regulated to prevent 

inappropriate inflammation that could result in lung damage (13), however under 

conditions which overwhelm their clearance capacity, AMs play additional roles in the 

generation and subsequent resolution of inflammation and leukocyte recruitment (14, 15).  

Murine models of pulmonary pneumococcal infection have shown increased mortality 

(16), and bacterial burden (17) following AM depletion, indicating their importance in 

innate host defense against such infections.  Phagocytosis of pneumococcus is enhanced 

following opsonization with factors such as complement fragments, making complement 

a necessary factor for effective host defense against pneumococcal pneumonia (18, 19).   

While no reports to date describe the effects of CS exposure on AM phagocytosis 

of pneumococcus, many studies exist showing impairments in phagocytosis of other 

targets (20-24).  CS has been shown to cleave complement directly, making it unavailable 

to participate in phagocytosis, suggesting the possibility that CS exposure may alter rates 

of AM phagocytosis through this mechanism. 

Because the effects of CS exposure on pulmonary innate host defense against 

pneumococcal pneumonia are incompletely understood and have not been described in an 

animal model, we sought to determine whether CS exposed mice would show altered 

responses to subsequent pulmonary infection.  We also used in vitro systems to determine 

effects on AM phagocytosis and complement opsonization. 

Methods 
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Animals 

Female BALB/C mice aged 8-12 weeks were purchased from Charles River 

Laboratories (Portage, MI).  In vitro determination AM phagocytosis after in vivo CS 

exposures used male C57BL/6 mice, obtained at 8-12 weeks of age (Jackson 

Laboratories, Barharbor, ME).  All experiments were conducted in accordance with the 

Animal Care and Use Committee of the University of Michigan. 

CS exposure model 

Smoke from standardized 2R4F research cigarettes (University of Kentucky, 

Lexington, KY) was generated by a TE-2 cigarette smoking machine (Teague 

Enterprises, Davis, CA), at a mean concentration of 19.6 mg/m3.  Animals were exposed 

4 hr/day, 5 day/week for 5 weeks in a whole-body exposure chamber, with water 

available ad libidum.  Control animals were housed in an identical chamber, but exposed 

to room air with no smoke.  For in vitro determination phagocytosis after in vivo CS 

exposure, animals were exposed for one week at 50 mg/m3, using a custom-built cigarette 

smoking machine, as previously described (25).  Exposure levels were determined 

gravimetrically. 

Infection model 

S. pneumoniae, serotype 3, (ATCC 6303, American Type Culture Collection, 

Manassas, VA) was grown to mid-log phase in Todd Hewett broth supplemented with 

0.5% yeast extract (Difco, Detroit, MI) at 37°C, with 5% CO2.  For in vitro studies, 

bacteria were washed in sterile water and heat-killed at >90°C for 30 min.  Infection was 
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performed via intratracheal instillation as previously described (26), at a dose of 1x104 

colony-forming units (CFU).  Animals were monitored for health at least once every 6 

hours for 48 hours following infection.  Core temperatures were determined immediately 

after euthanasia, by insertion of a probe into a surgical incision in the peritoneum. 

In vitro CS exposures: CS-conditioned media (CSCM) 

Smoke from five cigarettes was drawn through 50 ml RPMI 1640 (Invitrogen, 

Carlsbad, CA) using a glass impinger (Ace Glass, Vineland, NJ), after which the fluid 

was aliquoted and stored at -70ºC.  Pilot dose-response studies were conducted to 

determine non-cytotoxic levels using the XTT assay (Roche Diagnostics, Indianapolis, 

IN) according to the manufacturer’s directions.  Direct cytotoxicity of CSCM was not 

observed in this model at levels up to 2.0% CSCM, although it was seen at 5.0% and 

above (data not shown).  All experiments were conducted with 1% or less CSCM, added 

to the cell culture media after adherence and incubated 18-24 hours.   

Bronchoalveolar lavage (BAL) and AM culture 

Mice were euthanized by CO2 inhalation or intraperitoneal pentobarbital injection, 

and lungs removed surgically after exsanguination.  The trachea was cannulated onto a 

hypodermic needle/syringe combination.  In 0.5 ml increments, 10 ml of ice-cold 

HEPES-buffered saline solution containing dextrose, sodium EDTA, and 

penicillin/streptomycin (Invitrogen, Carlsbad, CA) was instilled into the lung and 

removed to a separate syringe.  In experiments measuring cellular recruitment following 

pneumococcal challenge, 2 ml total lavage volume was used.  After recovery by BAL, 
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cells were centrifuged at approximately 400 x g, resuspended in RPMI1640 (Invitrogen), 

enumerated with a hemocytometer, and plated at the desired concentration.  After 1h at 

37ºC, 5% CO2, the media was replaced with warm RPMI1640 supplemented with 10% 

fetal bovine serum and 1% penicillin/streptomycin and returned to the incubator.  For cell 

recruitment studies, differential stains were also performed on the BAL cells using a 

modified Wright-Giemsa stain (American Scientific Products, McGraw Park, IL).   

Determination of pulmonary bacterial load and cytokines 

Homogenization of lung or spleen tissue for determination of cytokine levels was 

performed as previously described (27) except lungs were not perfused prior to 

homogenization.  Lungs and spleen were homogenized, serially diluted, and plated on 

blood agar plates for determining bacterial burdens.  Samples were removed for CFU 

determination prior to addition of detergent.  After centrifugation, supernatants were 

stored at -80°C until analysis.  Determination of cytokine levels in whole lung 

homogenate was performed at the University of Michigan Immunology Core, using 

commercially available reagents (R&D Systems, Minneapolis, MN). 

Phagocytosis 

Preparation and phagocytosis determinations of IgG-opsonized polystyrene 

microspheres were performed as previously described (28).  Microscopic determination 

of pneumococcal phagocytosis was performed as previously described (29), at a ratio of 

25 bacteria per AM, with externalize fluorescence quenched with trypan blue.  Plate-

reader based phagocytosis determinations were made with an adaptation of a previously 



 65

described method (30).  Briefly, AMs were cultured overnight at 1x105 AM/well, in 384 

well microplate (Corning, Lowell, MA) with or without 1% CSCM in the media.  The 

number of replicate wells was determined by AM harvest, and ranged from 5 to 10 wells 

per condition per experiment.  The next day, the media was removed and replaced with 

RPMI 1640 without serum or antibiotic.  FITC-labeled pneumococcus was either 

unopsonized, or opsonized with normal or heat-treated rat, or complement-component 3-

deficient human (Sigma) serum for 30 minutes at 37°C, and washed by repeated 

centrifugation before being added to the wells at ratio of 200 bacteria per AM (or 300:1 

for unopsonized bacteria).  After 3 hours incubation, plates were placed on ice to halt 

phagocytosis, and 500 μg/ml trypan blue (Sigma) was added to quench extracellular 

fluorescence before reading the plate.  In these experiments, since control and CSCM 

groups were from the same original pool and thus present in the same numbers, the PI 

corresponds to the non-quenchable (i.e. intracellular) fluorescence intensity, relative to 

untreated control cells.   

Statistical Analysis 

Data was analyzed using Prism 4 (GraphPad Software, La Jolla, CA) using a 

paired or unpaired t test where appropriate, or one-way analysis of variance with post-hoc 

tests as noted.  In all cases, a P value of less than 0.05 was considered significant. 

Results 

Cigarette Smoke Exposure Leads to Impaired Pneumococcal Clearance and More Severe 
Illness 
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To determine the effect of CS exposure on bacterial clearance, animals were 

exposed for 5 weeks to CS or room air (control) as described in the methods section, 

prior to infection with S. pneumoniae.  Figure 3.1 shows that levels of viable bacteria 

recovered from the lungs of smoke-exposed animals were approximately 4-fold and 35-

fold higher than control animals at 24 and 48 hr post-infection, respectively.  Neither 

death nor pneumococcal dissemination, as measured by splenic bacterial burden, was 

seen at these timepoints (data not shown).  Because hypothermia has been associated with 

increased severity of pneumococcal infection (31), we measured core temperature at the 

time of euthanasia (Figure 3.1, panel B).  Smoke-exposed mice had significantly reduced 

core temperatures at 24 hr post infection, consistent with the higher bacterial burden at 

this timepoint, while at 48 hr, the trend toward lower temperatures in smoke-exposed 

animals did not reach significance.  Elevated levels of cytokines, including IL-1β and 

TNF-α, have been observed in pneumococcal pneumonia (32, 33).  These cytokines are 

produced locally (34, 35), therefore we measured the levels of these mediators in whole 

lung homogenates from infected animals.  Smoke-exposed animals had a trend toward 

higher levels of TNF-α at 24 hr post-infection, and a significant increase above control at 

48 hr, with IL-1β levels significantly higher at both timepoints (Figure 3.1, panel C & D), 

further confirming a more severe infection in these animals.  (Levels of IL-6, MIP-2, and 

PGE2 were also measured, but did not show significant differences).   

Impaired Pneumococcal Clearance in Smoke-exposed Animals is Not Due to Reduced 
Alveolar Leukocyte Numbers or Viability 

To determine whether the impairments in bacterial clearance were due to a CS-

mediated deficit in resident alveolar leukocyte numbers or viability, BAL cells from 
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animals exposed to CS or room air for 5 weeks were examined.  Exposure did not 

significantly alter the numbers of lymphocytes or neutrophils recovered from BAL fluid 

(Figure 3.2).  While AMs, which constituted > 95% of the recovered leukocytes in both 

groups of animals, were 57.4% higher in the CS-exposed group, this difference did not 

reach statistical significance.  Additionally, the viability of these cells as determined by 

XTT assay did not differ (data not shown).   

Because leukocyte recruitment to the lungs following pulmonary pneumococcal 

infection is typically rapid and robust (34), we sought to compare the capacity of CS-

exposed and control animals to recruit leukocytes to the alveolar compartment in 

response to pneumococcal challenge.  In the infection model described above, the higher 

bacterial burden among the smoke-exposed animals created an unequal challenge at the 

measured timepoints.  Therefore, to create conditions of similar challenge, animals were 

exposed to CS or room air for 5 weeks and subsequently instilled with heat-killed, rather 

than viable, pneumococcus at a dose equivalent to 106 CFU/animal.  Figure 3.2 shows 

BAL leukocytes at 24 and 48 hr post-challenge, and indicates that smoke-exposed mice 

do not have reduced recruitment of immune cells to the lungs after pneumococcal 

challenge.  Recruitment of neutrophils was higher in CS-exposed animals at 24 and 48 

hours after infection.  In contrast to uninfected animals, monocyte/macrophage numbers 

were not different between CS and control groups following pneumococcal challenge, 

likely reflecting an influx of recruited monocytes, which are known to migrate to the 

lungs following pneumococcal infection (36). 

Impaired Phagocytosis in Pulmonary Leukocytes from Smoke-exposed Mice 
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To better understand whether CS exposure alters the phagocytic capacity of AMs, 

we isolated cells from CS-exposed and control animals, and assessed phagocytosis in 

vitro.  Figure 3.3 shows that BAL-derived AMs from one-week CS-exposed animals had 

approximately half the phagocytic activity of AMs from control animals, measured as 

percentage of cells participating in phagocytosis (i.e. containing at least one bacterium).   

Cigarette smoke mediated functional impairments can be reproduced in vitro using 
primary AM cultures and CSCM pretreatment 

To confirm a direct effect of CS on AMs in the absence of other cell types, we 

harvested AMs from the BAL fluid of naïve animals, and exposed them to CSCM in vitro 

before performing functional assays.  Figure 3.4 shows that CSCM caused a dose-

dependent decrease in the percentage of cells participating in phagocytosis of serum-

opsonized, fluorescently-labeled pneumococcus that reached statistical significance at a 

level of 1.0% CSCM.  These experiments measured the proportion of cells containing at 

least one internalized bacterium on slides scored by an observer blinded to the treatment 

group.  This approach was used because the morphological characteristics of the 

pneumococcus make accurate manual counting of internalized bacteria problematic.  

However, because even a single bacterium can be seen with this method, it provides an 

extremely sensitive assay. 

In vitro Pretreatment of AMs with CSCM Impairs Complement-mediated Phagocytosis 

To determine the nature of the phagocytic impairment caused by CS, we assessed 

phagocytosis of disparate targets by CSCM-pretreated AMs in vitro, expressed as the 

phagocytic index (PI), reflecting the amount of target taken up by AMs.  For bacterial 
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phagocytosis, we used a fluorescence-based assay to determine the effect of CSCM 

pretreatment on the PI of AMs with heat-killed, fluorescently-labeled pneumococcus as 

the target.  Figure 3.5 shows that when pneumococcus was opsonized with normal rat 

serum, a modest but significant phagocytic reduction is observed in CSCM-pretreated 

AMs in this assay.  However, when opsonization was performed with heat-inactivated rat 

serum or C3-depleted human serum, no such impairment was detectable.  Similarly, in 

experiments using unopsonized pneumococcus as the phagocytic target, no impairment 

was seen with CSCM pretreatment.  This assay yielded more modest CSCM-mediated 

phagocytic impairments than found with direct microscopic enumeration, however the 

results are not directly comparable.  In addition to measuring different endpoints 

(proportion of positive cells versus PI), there were significant methodological differences 

in the two assays, including much higher numbers of bacteria used in the plate-based 

assay to achieve sufficient fluorescent intensity for the spectrophotometric hardware. 

Using direct microscopic observation, no difference was seen in the PI of IgG-

opsonized polystyrene microspheres by AMs cultured with 1.0% CSCM versus control 

AMs (Figure 3.5).  The lack of observable effect persisted when the data was analyzed as 

the percentage of cells participating in phagocytosis (data not shown).   

Discussion 

Because of the association between CS exposure and increased risk of serious 

pneumococcal infection, we sought to determine whether a murine model could be used 

to recreate a CS-mediated impairment in anti-pneumococcal innate pulmonary host 

defense in the laboratory.  We found that mice exposed to CS for 5 weeks prior to 
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infection had a substantially higher lung burden of this pathogen, accompanied by 

physiological signs of more severe infection including hypothermia and elevated 

pulmonary cytokines.  This finding is in broad agreement with studies examining the 

effect of CS exposure on murine models of non-pneumococcal lung infections (7, 9-10). 

The observed defect in pneumococcal clearance in CS-exposed animals was not 

due to decreased numbers or viability of resident leukocytes prior to infection.  On the 

contrary, there were more AMs present in the lungs of exposed mice.  While this trend 

did not reach statistical significance using our sample size, elevated AM numbers have 

also been reported in human smokers (37) and longer-duration mouse models (38) of CS 

exposure, so it is likely that the increases observed in our model represent an early stage 

in the accumulation of AMs.  Additionally, under conditions of similar challenge using 

heat-killed pneumococcus, CS-exposed animals displayed no impairment in leukocyte 

recruitment post-infection.  Rather, these animals had higher levels of neutrophil 

recruitment, consistent with other published murine models of pneumococcal pneumonia 

in which AM function was artificially impaired (39) or the number of AMs was reduced 

experimentally (16).  A paradox is posed by the CS-associated increase in AMs, which 

have been reported to be as much as six-fold higher in smokers (40), and increased 

susceptibility to pulmonary infections.   

Because of the variety of components contributing to host defense in vivo, we 

examined AMs isolated from CS-exposed animals, and found reduced in vitro 

phagocytosis of serum-opsonized, fluorescently-labeled pneumococcus, as measured by 

the proportion of cells participating in phagocytosis.  Notably, the effect appeared after 
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only one week of CS exposure.  These results demonstrate impaired phagocytosis in AMs 

isolated from CS-exposed animals, however they do not formally rule out the 

participation of other cell types present in the lungs during the period CS of exposure.  As 

an example, it is known that alveolar epithelial cells can maintain AMs in a 

hyporesponsive state through an integrin-mediated mechanism (41).  In another study, 

pretreatment of macrophages with extracellular matrix proteins modified in vitro by CS 

impaired phagocytosis of apoptotic neutrophils (21). 

When we removed other components from the model system by pre-treating naive 

AMs with CSCM, the phagocytic impairment remained, and was found to be dose-

dependent.  In contrast, no difference was seen in phagocytosis of IgG-coated polystyrene 

microspheres with CSCM pretreatment, suggesting that the impairment was not a 

generalized effect as might be seen with disruption of cytoskeletal function or membrane 

trafficking.  The plate-based assay confirmed a significant reduction in the phagocytosis 

of serum-opsonized pneumococcus by AMs pretreated with CSCM measured as PI.  

Significantly, when these experiments were conducted using unopsonized pneumococcus, 

no differences were observed between CSCM-pretreated and control AMs. 

Although AM phagocytosis of unopsonized pneumococcus can occur through 

receptors such as scavenger receptor A (SR-A) (42) and macrophage receptor with 

collagenous structure (MARCO) (43), it is inefficient, and multiple lines of evidence 

support the importance of C3 in anti-pneumococcal innate host defense.  For example, 

genetic defects in C3 are associated with susceptibility to pneumococcal infections in 

humans (18) and mice (44), and mutant strains of pneumococcus lacking the anti-
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complement factors pneumococcal surface protein A and pneumolysin display reduced 

virulence in wild-type, but not C3-knockout mice (45).  Neither of these reports 

specifically addresses the role of AMs in this effect, however increased bacterial burdens 

were seen in C3-deficient mice within 1 hr of infection, arguing against a major role for 

recruited cells such as neutrophils.   

Because CSCM impaired phagocytosis of serum opsonized, but not unopsonized 

pneumococcus, we undertook experiments to clarify the role of complement opsonization 

in this impairment.  To this end, we compared the effect of CSCM pretreatment on AM 

phagocytosis of pneumococcus opsonized with normal rat serum, heat-inactivated rat 

serum, and human serum depleted of C3 by immunoprecipitation.  We found that in the 

absence of C3, CSCM pretreatment did not impair in vitro phagocytosis of 

pneumococcus, identifying this complement component as the relevant serum factor.  It 

was of interest that in experiments run side-by-side on the same microplate, opsonization 

with normal rat serum produced roughly twice the level of phagocytosis seen with either 

form of complement-depleted serum (data not shown), affirming the importance of this 

opsonin in our system.   

Our data establish a role for complement in CSCM-mediated impairment of AM 

phagocytosis of pneumococcus, which is a novel finding.  When interpreting the 

relevance of these in vitro data to the living animal, it bears consideration that 

opsonization of the phagocytic targets was carried out in isolation from either cells or CS 

constituents, and thus could not be affected by CSCM treatment.  However, in vivo, 

opsonization occurs in the same pulmonary milieu, and CS is known to directly cleave 
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C3 (46-48), suggesting that complement-mediated effects may be more pronounced at the 

organismal level.   

The data presented here demonstrate clearly that CS exposure impairs pulmonary 

innate host defense against pneumococcal pneumonia in living animals, and that this 

effect is not due to reduced leukocyte numbers or viability.  Using in vitro approaches, 

we showed impairment of complement-mediated AM phagocytosis of this organism.  

Given the important role played by AMs in maintaining a pathogen-free alveolar 

environment, the functional defects we describe here may well contribute to increased 

pneumococcal susceptibility in CS-exposed humans. 
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Figure 3.1.  Cigarette smoke increases pulmonary bacterial burden and worsens clinical 
signs of pneumococcal pneumonia.  Female BALB/C mice were exposed to CS (solid 
bars) or room air (open bars) for 5 weeks followed by intratracheal instillation with 104 
CFU S. pneumoniae.  (A) Lung homogenate was assessed for bacterial CFU at 24 and 48 
hours post-infection. (B) Core temperatures were taken at the time of euthanasia. (C,D) 
Levels of TNF-α and IL-1β are expressed as the sum of whole lung homogenate and 
BAL fluid levels.  Bars represent the mean ± standard error of the mean; n = 7–8 mice 
per group; *P < 0.05 by unpaired t test; **P < 0.05 by Mann-Whitney test for non-
parametric data.  
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Figure 3.2.  Composition of alveolar leukocyte population before and after 
pneumococcal infection.  Female BALB/C mice were exposed to CS (solid bars) or room 
air (open bars) for 5 weeks with no subsequent challenge or followed by intratracheal 
instillation with heat-killed S. pneumoniae (106 CFU-equivalent dose).  BAL was 
performed following the final CS exposure (A) or at 24 hr (B) and 48 hr (C) post-
challenge.  Total leukocyte numbers were determined on a hemocytometer, and 
differential staining was performed to distinguish lymphocytes (Lymph), neutrophils 
(PMN) and monocyte/macrophages (Mono). Bars represent the mean ± standard error of 
the mean; n = 4–6 mice per group in panel A, and 7-8 mice per group in panels B and C; 
*P < 0.05 by unpaired t test.  
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Figure 3.3.  Cigarette smoke impairs AM phagocytosis of serum-opsonized S. 
pneumoniae.  Male C57BL/6 mice were exposed to CS or room air (Con) for one week 
prior to cell harvest by BAL and determination of phagocytosis. Bars represent the 
mean ± standard error of the mean; n = 3-5 mice per group; *P < 0.05 vs control by 
unpaired t test.  
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Figure 3.4  Cigarette smoke-conditioned media impairs AM phagocytosis of serum-
opsonized S. pneumoniae.  Murine AMs were cultured for 24 hr with varying 
concentrations of CSCM (solid bars) or without CSCM (open bars). Proportion of cells 
participating in phagocytosis of serum-opsonized, FITC-labeled pneumococcus was 
determined microscopically. Bars represent the mean ± standard error of the mean of four 
replicate experiments; *P < 0.05 compared with control by unpaired t test; **P < 0.05 
compared with 0.1% CSCM by one-way ANOVA with Dunnett’s post-hoc test. 
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Figure 3.5.  Cigarette smoke-conditioned media impairs AM phagocytosis of iC3b-
opsonized S. pneumoniae.  AMs cultured in 1% CSCM (solid bars) show reduced levels 
of phagocytosis compared with controls (open bars) when normal rat serum-opsonized 
pneumococcus is used (A), but not when the bacteria is opsonized with heat-inactivated 
rat serum (B) or C3-deficient human serum (C), nor in the absence of opsonization (D).  
Uptake of IgG-coated microspheres was not different between groups (E).  Data are mean 
± SEM of 3-5 experiments, each normalized to same-plate controls.  *P < 0.05 compared 
with control AMs by paired t test.   
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CHAPTER 4 

Cigarette smoke impairs alveolar macrophage cytokine production through a 
TLR2-mediated mechanism 

Introduction 

Epidemiological reports have linked cigarette smoke (CS) exposure with a wide 

variety of infectious diseases (1).  Laboratory studies found impaired host defense against 

viral (2, 3), fungal (4), and bacterial (5) pathogens in smoke-exposed animals.  

Surprisingly, there is a paucity of experimental data describing the effect of CS exposure 

on innate host defense against the gram-positive bacterial pathogen Streptococcus 

pneumoniae.  In human populations, exposure to cigarette smoke (CS) is independently 

associated with increased risk of serious pneumococcal infections (6-8), although the 

specific nature of this association has yet to be elucidated.  Pneumococcal pneumonia is 

the most common cause of community-acquired pneumonia the US (9) and globally (10), 

and is the leading cause of death from invasive bacterial infections (11).  The growth of 

particularly susceptible populations such as the elderly and immunocompromised, as well 

as the increase in antibiotic-resistant strains (9), make pneumococcal disease a continuing 

cause for concern.   

Within the lung, the alveolar macrophage (AM) plays an important role as a 

sentinel cell of innate immunity requiring the capacity to identify and respond to targets 
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without prior exposure. For this purpose, AMs express a large number of receptors that 

recognize molecular motifs including pathogen-associated molecular patterns (PAMPs).  

Examples relevant to pneumococcus include toll like receptor (TLR) 2, TLR4 (12), 

scavenger receptor (SR)-A (13), macrophage receptor with collagenous structure 

(MARCO) (14), as well as a cytoplasmic receptor Nucleotide-binding oligomerization 

domain-2 (NOD2) (15).  Engagement of these receptors with ligands initiates signal 

transduction cascades leading to AM activation.  In some cases, such as TLR2 and TLR4 

this signaling is dependent on reactive oxygen intermediates (ROI) (16, 17). 

An unequivocal consensus is lacking regarding the effects of CS exposure on AM 

cytokine production, due at least in part to wide variation in models and methodology.  

Some studies have found that CS activates AMs to produce proinflammatory cytokines 

(18).  More commonly, CS is associated with impairments in cytokine production, 

particularly in response to microbial constituents (19-21).   

Pneumococcal pneumonia provokes robust pro-inflammatory cytokine production 

in the lungs, and suppression of this response has been shown to impair host defense in 

animal models (22-25), while experimental inducement of proinflammatory cytokines 

prior to infection can improve pneumococcal clearance and host survival (26).  

Furthermore, less virulent pneumococcal strains which rarely disseminate from the lungs 

have been shown to elicit a greater proinflammatory cytokine response than strains which 

more frequently spread into systemic infections (27), suggesting that even partially 

impaired cytokine production may be important in determining the course of infection.   
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Because AMs are a major source of cytokines in the lung (28, 29), and because 

cytokine production is an indicator of macrophage activation following bacterial 

challenge, we sought to determine the effects of CS exposure on the ability of AMs to 

produce specific mediators, as a relevant indicator of innate immune function.  Further, 

we examined AM TLR expression as well as ROI production, a response mediated 

downstream of the TLRs, in order to provide mechanistic insights into bacterially-

induced AM activation following CS exposure. 

Methods 

Animals 

Female BALB/C mice aged 8-12 weeks were purchased from Charles River 

Laboratories (Portage, MI).  In vitro determination of leukocyte cytokine release after in 

vivo CS exposures used male C57BL/6 mice, obtained at 8-12 weeks of age (Jackson 

Laboratories, Barharbor, ME).  All experiments were conducted in accordance with the 

Animal Care and Use Committee of the University of Michigan. 

CS exposure model 

Smoke from standardized 2R4F research cigarettes (University of Kentucky 

Tobacco Research Institute, Lexington, KY) was generated by a TE-2 cigarette smoking 

machine (Teague Enterprises, Davis, CA), at a mean concentration of 19.6 mg/m3.  

Animals were exposed 4 hr/day, 5 day/week for 5 weeks in a whole-body exposure 

chamber, with water available ad libidum.   Control animals were housed in an identical 

chamber, but exposed to room air with no smoke.  For cytokine release from isolated 
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pulmonary leukocytes, exposures were two weeks at 1.8 mg/m3, and used a custom-built 

cigarette smoking machine, previously described (30).  Exposure levels were determined 

gravimetrically.  

Bacteria 

S. pneumoniae, serotype 3, 6303, (American Type Culture Collection, Manassas, 

VA) was grown to mid-log phase in Todd Hewett broth supplemented with 0.5% yeast 

extract (Difco, Detroit, MI) at 37°C, with 5% CO2, washed in sterile water and heat-

killed at >90°C for 30 min.  In vivo challenge was performed via intratracheal instillation 

as previously described (31), at a dose equivalent to 1X106 CFU. 

In vitro CS exposures: CS-conditioned media (CSCM) 

Smoke from five cigarettes was drawn through 50 ml RPMI 1640 (Invitrogen, 

Carlsbad, CA) using a glass impinger (Ace Glass, Vineland, NJ), after which the fluid 

was aliquoted and stored at -70ºC.  Pilot dose-response studies were conducted to 

determine non-cytotoxic levels using the XTT assay (Roche Diagnostics, Indianapolis, 

IN) according to the manufacturer’s directions.  Direct cytotoxicity of CSCM was not 

observed in this model at levels up to 2.0% CSCM, although it was seen at 5.0% and 

above (data not shown).  All experiments were conducted with 1% or less CSCM, added 

to the cell culture media after adherence and incubated 18-24 hours. 

Bronchoalveolar lavage (BAL) and AM culture 
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Mice were euthanized by CO2 inhalation or intraperitoneal pentobarbital injection, 

and lungs removed surgically after exsanguination.  The trachea was cannulated onto a 

hypodermic needle/syringe combination.  In 0.5 ml increments, 10 ml of ice-cold 

HEPES-buffered saline solution containing dextrose, sodium EDTA, and 

penicillin/streptomycin (Invitrogen, Carlsbad, CA) was instilled into the lung and 

removed to a separate syringe.  After recovery by BAL, cells were centrifuged at 

approximately 400 x g, resuspended in RPMI1640 (Invitrogen), enumerated with a 

hemocytometer, and plated at the desired concentration.  After 1h at 37ºC, 5% CO2, the 

media was replaced with warm RPMI1640 supplemented with 10% fetal bovine serum 

and 1% penicillin/streptomycin and returned to the incubator.  For digest-derived AMs, 

enzymatic digestion of lung tissue was performed as previously described (32), followed 

by filtration, gradient centrifugation, and adherence purification, and were then cultured 

as with BAL-derived AMs.  For in vitro CS exposure, AMs were first cultured 24 hr with 

or without CSCM, and subsequently challenged with 50 μg/ml purified LTA (Sigma 

Aldrich, St. Louis, MO). 

Determination of pulmonary cytokines 

Homogenization of lung was performed as previously described (33) except lungs 

were not perfused prior to homogenization.  After centrifugation, supernatants were 

stored at -80°C until analysis.  Determination of TNF-α, IL-6 and PGE2 release from 

digest-derived leukocytes and PGE2 levels in lung homogenate were performed in our lab 

using commercial ELISA kits (Assay Designs, Ann Arbor, MI).  Determination of 

cytokine release from BAL-derived AMs and in whole lung homogenates was performed 
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at the University of Michigan Immunology Core, using commercially available reagents 

(R&D Systems, Minneapolis, MN).   

RT-PCR 

After 24 hour incubation with or without 1% CSCM, primary cultures of AMs 

challenged with 50 μg/ml LTA for 4 h followed by processing with  RNeasy kit (Qiagen, 

Valencia, CA), and RT-PCR was performed as previously described (34). 

ROS generation 

After 24 hr incubation with or without 1% CSCM, primary cultures of AMs were 

loaded with 5-(and-6)-carboxy-2´,7´-dichlorodihydrofluorescein diacetate H2DCFDA 

(Invitrogen), according to the manufacturer’s guidelines, and subsequently challenged 

with 50 μg/ml LTA for 1 h.   

Statistical Analysis 

Data was analyzed using Prism 4 (GraphPad Software, La Jolla, CA) using a t test 

where appropriate, or one-way analysis of variancewith post-hoc tests as noted.  In all 

cases, a P value of less than 0.05 was considered significant. 

Results 

Reduced Pulmonary Cytokine Levels in CS-exposed Mice 

To determine the effect of CS exposure on pulmonary cytokine levels in vivo, we 

challenged mice with heat-killed pneumococcus after 5 week CS or room air (control) 
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exposure, and measured pulmonary cytokines in BAL fluid and whole lung homogenate.  

Levels shown in Figure 4.1 are the sum of BAL and homogenate values, and show a 

trend toward lower levels of TNF-α, IL-1β and IL-10 in CS-exposed animals, which 

reached significance at 48 hr.  The reduction was specific to these cytokines, as levels of 

IL-6, MIP-2, MCP-1, TGF-β, and PGE2 showed no significant differences between CS 

and control groups at either 24 or 48 hours post challenge (data not shown).  Differences 

between groups were not due to reduced numbers or viability of pulmonary leukocytes 

(data not shown).  

Impaired cytokine production by Lung-digest Derived AMs from Smoke-exposed Mice 

To better understand whether CS-exposure alters the production of cytokines by 

AMs, we harvested these cells from CS-exposed and control animals, challenged them 

with heat-killed pneumococcus in vitro, and assessed levels of select mediators in the 

culture medium.  In collagenase digest-derived primary leukocyte cultures which had 

been gradient and adherence purified for AMs, cells from CS-exposed animals produced 

reduced levels of the important pro-inflammatory cytokines TNF-α and IL-6, as well as 

the anti-inflammatory PGE2 in response to challenge with heat-killed pneumococcus 

(Figure 4.2).  The cells were plated in equal numbers, and viability as measured by the 

XTT assay was not different between groups (data not shown). 

CS-mediated cytokine impairments can be reproduced in vitro using primary AM cultures 
and CSCM pretreatment. 

To confirm a direct effect of CS on AMs in the absence of other cell types, we 

harvested AMs from the BAL fluid of naive animals, and exposed them to CSCM in 
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vitro.  After subsequent challenge with the TLR2 ligand LTA, supernatants were 

collected for determination of TNF-α, a prototypical indicator of macrophage activation.  

AMs cultured for 24 hours in media containing CSCM displayed impaired TNF-α 

production in response to LTA stimulation (Figure 4.3).  This effect was dose-dependent, 

and became significant at a concentration of 0.5% CSCM in the culture media.  Here we 

used the TLR2 ligand LTA as the challenge, which is a more specific activating stimulus 

than whole bacteria.  This approach served to isolate the observed response from effects 

of other TLRs, or other receptors responsive to pneumococcal activation.   

AM transcription of TLR2 and TLR4 is not reduced by CSCM pretreatment 

 Since TLR2 is a receptor for LTA, and both TLR2 and TLR4 are known to play 

important roles in innate recognition of pneumococcus, we cultured AMs with or without 

CSCM to determine whether transcription of these receptors was affected.  We also 

compared TLR2 expression in CSCM-pretreated and control AMs after challenge with 

LTA.  Figure 4.4 shows that CSCM-pretreated and control AMs displayed similar levels 

of TLR2 mRNA, either in the presence or absence of LTA.  As seen in Figure 4.4, CSCM 

pretreatment did not reduce the level of TLR4 mRNA relative to control.  Interestingly, 

there was a non-significant trend toward higher levels of TLR4 transcript in CSCM-

pretreated AMs.  

Pretreatment of AMs with CSCM  In vitro Impairs AM Production of Intracellular 
Reactive Oxygen Intermediates. 

To assess the effect of CS exposure on the AM respiratory burst, we loaded 

CSCM-pretreated or control AMs with the fluorescent indicator H2DCFDA, followed by 
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challenge with either gram-positive LTA or media alone.   Figure 4.5 shows that while 

levels of ROI generation in untreated AMs were very similar between control and CSCM 

pretreated cells, LTA challenge of control cells resulted in a significant induction of 

intracellular ROS generation (about 2-fold greater than saline challenge).  In contrast, 

challenge of CSCM-pretreated cells induced a non-significant 40% increase over 

unchallenged cells.  

Discussion 

Following pneumococcal challenge, lower levels of IL-1β, TNF-α and IL-10 

were found in the lungs of CS-exposed animals than in lungs from control animals, but 

IL-6 and MIP-2 (the murine equivalent of IL-8, normally associated with neutrophil 

recruitment), as well as the immunomodulatory prostaglandin PGE2, which are all known 

to be produced by AMs in response to pneumococcal challenge (35, 31, 36, 23, 37) were 

not.  The pattern cannot be described simply in terms of exacerbated or diminished 

inflammatory status in the lung, as IL-1β and TNF-α are proinflammatory, whereas IL-

10 acts to moderate inflammation. 

These data are useful in that they demonstrate a cytokine-suppressive effect of 

CS-exposure at the organismal level, however they do not specifically demonstrate a role 

for AMs, due to the presence of other cell types capable of producing these mediators.  

Further, these data derive from whole lung homogenate, which is relevant because of the 

compartmentalization of specific cytokine responses within the lung.  For example, in a 

study of human patients with unilateral bacterial pneumonia, AMs from the involved lung 

spontaneously produced greater IL-1β, IL-6 and TNF-α than AMs from the non-infected 



 93

lung, consistent with higher levels of all three cytokines found in the involved lung.  

However, only IL-6 was higher in the serum of these patients than healthy controls (35).  

Thus, differences in cytokine levels within specific pneumococcus-containing 

microenvironments are likely greater than can be observed from integrated whole-lung 

levels, particularly as the heat-killed bacteria used in these experiments cannot proliferate 

and colonize additional areas.   

AMs were more specifically implicated by obtaining these cells from CS-exposed 

animals and subsequently challenging them in vitro with heat-killed pneumococcus.  In 

these experiments, we found that each of the mediators we measured (IL-6, TNF-α, and 

PGE2) was produced at lower levels in cells from CS-exposed animals compared with 

controls, an effect that was not explainable by reduced cell viability or alterations in the 

composition of the pulmonary leukocyte population.  Because we measured lower levels 

of IL-6 and PGE2 from isolated cells in this model, but not in whole lung homogenate, it 

may be that reduced AM production of these mediators in the whole-lung model was 

masked by production from other cell types.   In subsequent experiments we replaced the 

in vivo CS exposure with CSCM pretreatment of AMs harvested from naive animals, and 

found that this widely-used in vitro CS surrogate also impaired production of TNF-α.  

Here, involvement of a TLR2-mediated mechanism is implied, because the effect was 

seen with purified LTA as the challenge. 

Previous reports have described in vitro impairments in bacterially-induced AM 

pro-inflammatory cytokine production following exposure to CS components (38, 39).  

Although these studies focus on gram-negative bacteria or LPS, a recent report indicates 
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AMs from human smokers display impaired synthesis of IL-1β, IL-6 and TNF-α 

following challenge with a TLR2-specific synthetic ligand (20).  Interestingly, this study 

found impaired cytokine responses to both TLR2 and TLR4 ligands, but increased 

sensitivity to TLR3-mediated activation, pointing to altered intracellular signaling 

pathways rather than defective biosynthetic capacity in smoker’s AMs.  In contrast, a 

study using a murine model of CS exposure found that AMs from exposed mice had 

diminished cytokine responses to both TLR3 and TLR4 ligands in vitro (21).  Neither of 

these studies found altered expression of TLRs on CS-exposed AMs, although others (40) 

have shown reduced expression of TLR2, but not TLR4, with AMs from human smokers. 

Because TLR2 and TLR4 are both known to act as sensors for pneumococcal 

PAMPs, we sought to determine whether the observed in vitro impairments in cytokine 

production were due to reduced expression of these receptors in our model.  Using RT-

PCR, we found no significant differences in expression of either TLR between CSCM 

and control AMs that would explain the earlier observation.  Exposure to bacterial 

PAMPs can modulate expression of TLRs by murine macrophages, as seen by increased 

expression of TLR2 following TLR4-mediated activation with LPS (41).  This effect may 

be relevant in human CS exposure, as AMs from nonsmokers but not smokers displayed 

increased expression of TLR2 mRNA and protein following in vitro LPS challenge (40).  

LTA has also been shown to induce expression of TLR2 and TLR4 (42, 43) in human 

monocytes.   For this reason, we examined the expression of these receptors after 

challenge with LTA, and found no significant effect of CSCM pretreatment.  Consistent 

with previous reports, we did find a trend toward increased TLR2 expression after LTA 

exposure, but CSCM did not appear to modify this effect.  Intriguingly, CSCM-pretreated 
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AMs displayed a non-significant trend toward higher levels of TLR4, an effect which has 

not been previously reported.  While this is not an unreasonable finding, given that 

exposure to related toxicants including ozone (44) and residual oil fly ash (45) have been 

shown to upregulate TLR4 in AMs, such an effect would not be expected to result in 

impaired AM cytokine production.   

 Since CSCM-mediated impairment of cytokine production in our model was not 

explained by altered TLR expression, we next examined an intracellular response 

downstream of TLR activation.  We found that CSCM pretreatment substantially 

impaired production of ROI by AMs in our model. Macrophages are known to produce 

ROI under stimulation with microbial products (46), damaged host proteins (47), and 

airborne particulate matter (48).  In the past, ROI were often assumed to function 

primarily in direct microbial killing, but recent years have seen an emerging recognition 

of their role in signal transduction, particularly in macrophages (reviewed in 49, 50).  

ROI have been shown to participate in TLR2-stimulated generation of proinflammatory 

cytokines by monocytes (51), with activation of MAP kinases being an important ROS-

dependent signaling step (52, 53).  Thus, CS-mediated defects in ROI generation by AMs 

may well contribute to the reduction of proinflammatory cytokines we observed in vivo 

and in vitro with pneumococcal and LTA challenge by disrupting signal transduction 

downstream of TLRs.   

The role of ROI in TLR-mediated signaling has been compared to the narrow 

point in an hourglass (54), with many TLRs and adaptor proteins signaling through a very 

limited number of ROI-sensitive initial kinases, leading to activation of a broader range 
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of distal kinases and transcription factors.  The utility of innate immunity’s overlapping 

PAMP-sensing mechanisms is illustrated by the fact that while TLR2 is undoubtedly the 

primary leukocyte sensor for LTA, mice lacking this receptor can still mount an effective 

response to pneumococcus through TLR4-mediated recognition of pneumolysin (55).  In 

contrast, experimental blockade of ROI has been shown to impair TLR-mediated 

activation of NF-κB and production of downstream cytokines (46, 47, 56, 57) while 

exogenous reactive oxygen species in the form of H2O2 can activate MAP kinases and 

NF-κB (reviewed in (58)).  In another study using in vitro pneumococcal infection of 

vital human lung tissue (29), it was found that AM production of pro-inflammatory 

cytokines IL-6, TNF-α and IL-8 were significantly reduced by pharmacological 

inhibition of MAP kinase, but only modestly by anti-TLR2 antibodies. 

 The data presented here demonstrate that CS exposure impairs AM production of 

immune mediators in response to heat-killed S. pneumoniae.  Because CSCM-pretreated 

AMs were also hyporesponsive to purified LTA, it is likely that disruption of TLR2-

mediated pathways is involved in the observed impairments, although reduced expression 

of TLR2 was not apparent.  Defective production of ROI was observed in CSCM-

pretreated AMs, which may be a mechanism underlying the reduced cytokine response in 

these cells. Given the important role played by cytokines in the course of pneumococcal 

infection, and the role of AMs in producing these mediators, the functional defects we 

describe here may well contribute to increased pneumococcal susceptibility in CS-

exposed humans.   
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Figure 4.1.  Cigarette smoke reduces pulmonary cytokine levels following pneumococcal 
challenge.  Female BALB/C mice were exposed to CS (solid bars) or room air (open 
bars) for 5 weeks followed by intratracheal instillation with heat-killed S. pneumoniae 
(106 CFU-equivalent dose). Levels of TNF-α and IL-1β are expressed as the sum of 
whole lung homogenate and BAL fluid levels. Bars represent the mean ± standard error 
of the mean; n = 7–8 mice per group; *P < 0.05 by unpaired t test.  
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Figure 4.2.  Cigarette smoke impairs cytokine and PGE2 production in digest-derived 
AMs.  After 2 weeks vivo CS exposure, cells were harvested and purified as described in 
methods, followed by 24 hour challenge with heat-killed pneumococcus, prior to 
collection of supernatants for determination of  TNF-α (A), PGE2 (B) and IL-6 (C) Bars 
represent the mean ± standard error of the mean; n = 4-5 mice per group; *P < 0.05 by 
unpaired t test.  
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Figure 4.3  Cigarette smoke-conditioned media impairs AM production of TNF-α.  
Murine AMs were cultured for 24 hr with varying concentrations of CSCM (solid bars) 
or without CSCM (open bar). TNF-α levels were measured by ELISA after overnight 
challenge with purified LTA.  Bars represent the mean ± standard error of the mean of 
four replicate experiments; *P < 0.05 compared with control by one-way ANOVA with 
Dunnett’s post-hoc test. 
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Figure 4.4  Cigarette smoke-conditioned media does not reduce expression of TLR2 or 
TLR4.  Murine AMs were cultured for 24 hr with varying concentrations of CSCM (solid 
bars) or without CSCM (open bar), and with or without 50 μg/ml LTA.  Bars represent 
the mean ± standard error of the mean of four replicate experiments. 
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Figure 4.5.  Cigarette smoke-conditioned media impairs LTA-induced AM production of 
intracellular ROI.  Using the fluorescent indicator H2DCFDA, AMs cultured in 1% 
CSCM produced lower levels of ROI relative to control cells after 2 hr challenge with 50 
μg/ml LTA.  Values are mean ± SEM of 4 identical experiments (final reading minus 
initial reading), normalized to saline challenge and analyzed by one-way ANOVA with 
Dunnett’s post-hoc test.  *P < 0.05 compared with saline-challenged control AMs by t 
test.  
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CHAPTER 5 

 

Conclusion 

 

Project Rationale and Purpose 

 Over one billion people are active smokers, consuming more than 5 trillion 

cigarettes annually (1).  There is a broad recognition that smoking is harmful, and recent 

decades have seen increased understanding of the dangers posed by ETS exposure.  

While rates of smoking are declining in many industrialized nations, global rates are 

growing due to increases in the developing world.  The profound burden of disease 

caused by exposure to CS has lead the World Health Organization to describe exposure to 

CS as the leading cause of preventable death in the world (1).  While much attention has 

been focused on diseases such as cancer and cardiovascular disease, both smoking and 

ETS have also been associated with increased incidence of infectious diseases (2, 3).  It 

has been estimated that the increased burden of infectious disease due to CS exposure 

may rival cancer and heart disease as causes of CS-related morbidity and mortality (4).  
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S. pneumoniae is the leading cause of community-acquired pneumonia and death 

from invasive bacterial infections in the world, with developing countries bearing the 

largest burden.  Both active smoking and ETS have been associated with increased 

susceptibility to pneumococcal infection.  In the lung, the AM plays a central role in 

innate host defense, and previous research has indicted that CS can alter the normal 

function of these cells.  Therefore, we sought to examine the effects of CS on innate host 

defense against pneumococcal pneumonia using a combination of in vivo and in vitro 

approaches.  The goal of this project was to test the hypothesis that CS exposure impairs 

innate host defense against pneumococcal pneumonia, at least in part through a 

mechanism involving disruption of alveolar macrophage AM phagocytosis and cytokine 

production.   

Key Findings 

Increased Susceptibility to Pneumococcal Pneumonia 

In these studies, mice exposed to cigarette smoke for 5 weeks prior to pulmonary 

infection with S. pneumoniae were found to have significantly higher pulmonary bacterial 

burdens 24 and 48 hr after infection (4-fold and 35-fold, respectively).  This was 

accompanied by clinical signs of more severe illness, such as hypothermia and elevated 

levels of the inflammatory cytokines TNF-α, IL-1β, and IL-6.  The increased 

pneumococcal burden was specific to the lung, as no systemic dissemination of bacteria 

was seen at these timepoints.  This would seem to suggest that like humans, mice 

exposed to CS are more susceptible to pneumococcal infection.  While a positive 

relationship between CS and impaired host defense against S. pneumoniae might be 
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expected given previous epidemiological associations, it is striking that an effect of this 

magnitude can be measured after only 5 weeks of exposure.   

In the development of the exposure model, it was found that 5 weeks of CS 

exposure did not reduce the number or viability of BAL leukocytes relative to unexposed 

mice.  Rather, greater numbers of AMs were present in CS-exposed mice, as has been 

reported in human smokers (5).  Likewise, higher bacterial burdens in CS-exposed mice 

cannot be explained by reduced leukocyte number or viability following infection.  This 

was shown by experiments in which mice were challenged with heat-killed S. 

pneumoniae following 5 weeks of CS exposure.  Under these conditions, no impairment 

in leukocyte viability or recruitment was seen.  On the contrary, these experiments 

revealed similar numbers of monocytes/macrophages and greater numbers of neutrophils 

in BAL fluid from CS-exposed animals following challenge.   

Neutrophils are rapidly recruited to the lung following bacterial pneumonia (6), 

and have been shown to be important in host defense against pneumococcal pneumonia 

specifically (7).  In COPD patients, neutrophils are commonly found in sputum during 

acute exacerbations, possibly due to bacterial infection(8).  Some murine models of CS 

exposure are characterized by neutrophilia in the absence of infection (9), however in our 

model no such phenomenon was seen in the absence of bacterial challenge.  

Determination of leukocyte recruitment was performed because lowered neutrophil or 

monocyte numbers might have been a plausible mechanism to explain higher bacterial 

burden.  The observation of significantly increased, rather than decreased, neutrophil 

recruitment following challenge in CS-exposed mice has possible implications.  In 
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models of pneumococcal pneumonia with prior AM depletion, neutrophils are recruited 

to the alveoli in higher numbers.  Consequently, this finding tends to support for the 

hypothesis that AM function is impaired by CS-exposure.  It has been suggested that 

neutrophils may have detrimental effects by causing excessive inflammation and tissue 

damage.  Such an effect is not ruled out in our model, however the lack of bacterial 

dissemination out of the lung suggests that this is not a major factor over the observed 

time span.   

Impairment of Complement-mediated Phagocytosis  

Since AMs are the primary resident phagocyte in the alveolar compartment, 

experiments were undertaken to determine the effects of CS on AM phagocytic functions.  

When AMs were recovered from mice exposed to CS, a significantly smaller proportion 

of cells participated in phagocytosis of serum-opsonized S. pneumoniae.  Compared with 

the infection experiment, this result demonstrates that a phagocytic impairment is 

measurable at an earlier time (2 weeks versus 5 weeks), and lower dose of CS 

(approximately 2 mg/m3 versus approximately 20 mg/m3).   

This phagocytic impairment was not dependent on other cell types, since very 

similar results were seen in AMs from unexposed mice following culture in CSCM at 

noncytotoxic concentrations.  This is relevant because CS exposure may lead to increased 

epithelial cell apoptosis within the lung (10)(11).  Phagocytosis of apoptotic cells by AMs 

results in increased PGE2 production and suppression of phagocytosis and bacterial 

killing.  When apoptotic cells are instilled in a model of pneumococcal pneumonia, 

bacterial clearance is impaired (12).  However in that model, neutrophil recruitment is 
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also impaired, whereas we observed enhanced neutrophil recruitment following 

pneumococcal challenge in CS-exposed mice.   

When AMs were recovered from mice exposed to CS for 1 wk, a significantly 

lower proportion of cells participated in phagocytosis of serum-opsonized S. pneumoniae, 

but no difference was found in the phagocytosis of IgG-opsonized microspheres.  This 

result further argues against a role for apoptotic cells or PGE2 in the observed 

impairment, as PGE2 has been shown to impair AM phagocytosis of both IgG-opsonized 

erythrocytes and IgG-opsonized E. coli (13).  The contrast between phagocytosis of 

serum-opsonized and IgG-opsonized targets raised the possibility that the defect was 

opsonin-specific, and not due to a more general defect such as cytoskeletal or membrane 

effects.  Comparing AM phagocytosis of S. pneumoniae opsonized with rat serum, heat-

inactivated rat serum, and C3-deficient serum demonstrated CSCM-mediated impairment 

only in the presence of functional C3.   

These findings are consistent with the known role for complement in host defense 

against pneumococcal infection (14).  In a previous report, impairment of complement-

mediated phagocytosis of a gram-positive pathogen was observed in neutrophils from 

CS-exposed mice (15).  Additionally, a model of pneumococcal pneumonia in cirrhotic 

rats demonstrated reduced levels of C3 in BAL fluid accompanied by increased bacterial 

burdens and mortality(16).  This study also found impaired bacterial killing prior to the 

recruitment of neutrophils, suggesting the involvement of AMs, and reduced complement 

deposition on recovered bacteria from cirrhotic rats.  In a mouse model of pneumococcal 
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pneumonia, C3 -/- mice developed higher pulmonary bacterial burdens, elevated IL-6, 

and had reduced survival relative to wild-type counterparts.   

The results of the in vitro phagocytosis assays used in this project could easily 

under-represent the degree of phagocytic impairment present in vivo, because 

opsonization was carried out in the absence of CSCM.  Cigarette smoke can activate 

complement directly in a mechanism that is not dependent on the presence of host cells or 

pathogens(17).  Further, CS has been shown to chemically modify C3 specifically (18).  

Reduced serum levels of C3 and C4 have been found in COPD patients, however the 

effect of recurrent infection cannot be controlled for in this context (19).  The 

pneumococcus posses anticomplement activity through secreted and surface-bound 

proteins such as pneumococcal surface protein (Psp) A, PspC, pneumolysin which are 

important virulence factors (20-22).  Activation of C3 at a distance from the organism by 

secreted factors such as pneumolysin reduces deposition on the pathogen surface (23).  

Thus, CS itself recapitulates part of the pneumococcal anticomplement mechanisms, and 

in the pulmonary environment bacterial opsonization may well be further compromised.   

An intriguing contrast emerged when assessing Fcγ-mediated phagocytosis.  In a 

model using IgG-opsonized polystyrene microspheres, neither AMs from CS-exposed 

animals nor CSCM-pretreated AMs displayed impaired phagocytosis of this target.  

However in an assay using rat AMs, CSCM caused significant impairment of IgG-

opsonized E. coli.  While speculative, the discordance between results with E. coli and 

microspheres may relate to factors present on the bacterial surfaces, but which are absent 

in the microspheres.   



 114

Impairment of AM Cytokine Production 

Lung digest-derived AMs from CS-exposed animals displayed impaired 

production of the cytokines TNF-α and IL-6 as well as the immunomodulatory lipid 

PGE2, in response to heat-killed pneumococcus, although their viability was no different 

than controls.  It is notable that these three mediators constitute the entire panel for which 

we tested.  It is unclear how these in vitro impairments relate to findings in the whole 

animal, as only partial concordance was seen between the two data sets.  Additionally, 

the cytokine reductions seen in whole animals was moderate compared with decreases 

seen in isolated AMs.  We speculated that mediator production by other cells could 

compensate for impaired synthesis by AMs in vivo.  Another possibility is that more 

substantial differences may exist within local microenvironments than are apparent from 

whole-lung measurements, due to compartmentalization of cytokine responses.  Future 

studies could clarify these issues by using immunohistochemical or PCR-based 

approaches to localize cytokine production by region or cell type.  Such an approach 

would be particularly informative if combined with simultaneous localization of the 

pneumococcus itself.   

It is relevant that proinflammatory cytokines such as TNF-α, IL-1β and IL-6 have 

been shown to be important in host defense against pneumococcal infection (24-26).  

Many important pulmonary innate immune functions, including neutrophil recruitment 

are mediated through the transcription factor NF-κB (27).  Activation of this factor in the 

lung during pneumococcal pneumonia requires TNF-α and IL-1β receptor signaling (28).  

Within the cytoplasm, second-messenger cascades initiated by these two receptors merge 
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and synergize with TLR-mediated signaling pathways (29).  Further, CS has been found 

to inhibit the activation of downstream second messengers including kinases such as p38 

and NF-κB, leading to suppression of cytokine production (30).   

Impairment of TLR2 signaling 

Several recent reports indicate that CS exposure impairs TLR-dependent signaling 

(31)(32)(30).  The primary surface PRR for gram-positive LTA is TLR2, and expression 

of this receptor is reduced on AMs from smokers (33).   

In this project, assays using LTA to challenge CSCM-pretreated AMs indicated a 

dose-dependent impairment of TLR2-mediated TNF-α production.  As noted above, 

AMs from CS-exposed mice also produced reduced TNF-α following challenge with 

heat-killed S. pneumoniae, which can activate TLR4 as well as TLR2 signaling (34-36).  

However, using RT-PCR, no decrease of either TLR2 or TLR4 transcription was found in 

CSCM-pretreated AMs, implying disruption of downstream signaling pathways.   

Impairment of ROI Generation 

Alveolar macrophage production of ROI following pneumococcal challenge was 

also impaired in CSCM-cultured AMs.  This may play a role in impaired signaling, as 

H202 scavengers have been found to reduce TLR4-depndent activation of NF-κB and 

subsequent transcription of TNF-α, IL-1β and cyclooxygenase-2 (COX-2) in RAW 264.7 

cells and murine peritoneal macrophages (37).  Impaired COX-2 production is also 

consistent with the reduced levels of PGE2 seen in vitro with AMs from CS-exposed 
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animals.  Similar effects may occur in TLR2 signaling, since LTA-induced gene 

transcription has also been shown to be dependent on ROI some cells (38). 

 

Additional Findings: 

Scavenger Receptor-A Does Not Mediate Impairment 

 During the course of this project, data were generated which did not ultimately 

become part of a larger chapter.  Some of these results warrant discussion as additional 

findings.  The involvement of SR-A was considered as a possible mechanism underlying 

CS-mediated phagocytic suppression, because SR-A binds to LTA.  This possibility was 

supported by a report of increased susceptibility to pneumococcal infection in SR-A -/- 

mice compared with wild-type controls (39).  The study found impaired AM 

phagocytosis in vivo, increased pulmonary bacterial burden and decreased survival in 

these mice.  Such a mechanism might also have explained the impaired production of 

ROI in CSCM-cultured AMs observed in our study.  This is because ligation of SR-A 

with a specific mAb results in H202 production in murine AMs (40).   

However, flow cytometry revealed no significant difference in surface expression 

of SR-A on CSCM-cultured versus control AMs (Figure 5.1).  Likewise, RT-PCR did not 

demonstrate a difference in SR-A mRNA between CSCM-cultured and control AMs 

(Figure 5.2).  Additionally, blocking studies were performed with fucoidin, a competitive 

ligand for SR-A, to assess rates of non-opsonic phagocytosis in CSCM-cultured and 

control AMs (Figure 5.3).  Blockade of SR-A did not change the relationship between 
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CSCM-cultured and control cells.  Significantly, CSCM did not impair phagocytosis of 

unopsonized S. pneumoniae in these experiments.  Therefore, this line of study was not 

pursued further. 

Lack of “Safe Smoking” 

 Smoking is a learned behavior, and as such is mediated by perceptions.  Extensive 

effort has been expended to inform the public on the dangers associated with smoking, 

with some measure of success evidenced by the widespread recognition of cigarettes as 

harmful (41).  However, smoking is also highly addictive, leading to interest in 

approaches that might permit the smoker to reduce the harmful effects of exposure 

without quitting the habit.  Some individuals choose products marketed as “light” 

cigarettes, based on a perception that they are less injurious than conventional cigarettes 

(42).  Vitamins, antioxidants, or other supplements have also been explored as a way to 

mitigate the effects of CS exposure (43-45), in some cases with negative consequences 

(46-47).  While not integral to the project hypothesis, a means of limiting CS-induced 

immunosuppression would be useful in reducing burdens of morbidity and mortality, and 

as a tool to understand the underlying pathology.   

For this reason, experiments were undertaken to compare the effects of regular 

and low-tar cigarettes on pulmonary leukocyte populations and AM phagocytosis and 

production of TNF-α, IL-6 and PGE2.  Additionally, in vitro treatment with the 

antioxidant N-acetyl-cysteine, was assessed as a possible modifier of CSCM-mediated 

suppression of phagocytosis and TNF-α production.  No significant difference was seen 

in the composition of resident leukocyte populations in the alveolar space or lung 
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parenchyma in any of the treatment groups.  One limitation of this model is that in 

subsequent studies, clear trends toward pulmonary leukocyte accumulation did not 

become apparent until 5 weeks of exposure.  It is possible that differences between 

regular and light cigarettes could appear if longer exposures were used.   

In contrast, AM phagocytosis of serum-opsonized S. pneumoniae was 

significantly impaired in CS-exposed mice, and the level of impairment was similar in 

regular and low-tar groups.  Likewise, regular and low-tar smoke impaired AM 

production of TNF-α and PGE2 to a similar degree.  The only difference between regular 

and low-tar groups was in AM production of IL-6.  Production of this cytokine was 

impaired in the regular CS group, but only trended lower in mice exposed to low-tar 

smoke.  The biological significance of this finding is not clear, because in the absence of 

bacteremia, IL-6 levels during bacterial pneumonia are less compartmentalized than other 

cytokines such as TNF-α and IL-1β (48).  The term “tar” can be misleading, since in the 

context CS, it refers to the total particulate fraction, and not a specifically hydrophobic 

portion.  The vapor and particulate phases of CS contain different constituents (49), and 

have been shown to induce different genes in a human epithelial-derived cell line (50).  

The differential effects of regular and low-tar smoke on IL-6 production could be 

investigated by using glass-fiber or charcoal filters to produce vapor phase or particulate 

phase CS exposures, respectively.  Such an approach might also be used to generate 

CSCM for in vitro studies.  In vitro antioxidant treatment did not prevent impairment of 

phagocytosis or TNF-α in CSCM-cultured AMs.  Together, these data offer little support 

for efforts to make CS exposure less harmful.   
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Model Strengths and Limitations 

Understanding Mechanisms 

 To best interpret the data presented here, it is worth considering some of the 

strengths and weakness of the approaches used.  This does not detract from the value of 

the experimental findings, but rather provides additional value by placing them in the 

appropriate biological context.  Largely these considerations fall into categories: factors 

that affect our ability to discern mechanisms, and others that affect our ability to 

extrapolate to human exposures and disease.  Overall, this study was strengthened by 

using a combination of in vivo and in vitro models, so that in vivo experiments could 

demonstrate a biologically relevant effect, while in vitro assays could dissect mechanisms 

more specifically. 

 While the purpose of the project was related to understanding overall innate host 

defense in CS-exposed animals, the specific focus was on mechanisms involving AMs.  

Therefore, situations in which AM effects could not be separated from effects mediated 

through other cell types represent a limitation.  Largely, this was the case only in vivo, as 

in other assays AMs were studied in isolation.  The ability to determine individual AM 

effects, therefore, represents a strength of the project.   

In particular, in vivo determinations of pulmonary bacterial load, cell recruitment 

and cytokine production were performed at 24 and 48 h after infection.  This is a 

common practice, but represents a time by which other cells, primarily neutrophils, have 
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already been recruited to the alveolar space.  Additional experiments were planned to 

determine bacterial load, cytokine levels, and leukocyte recruitment at an early time (6 

hr) at which point the effects of recruited cells would be much lower.  These experiments 

were not carried out only because of the substantial time and effort required to mount 

multiple, successive 5 week exposures.  Such studies would be extremely useful, 

however, and would be a logical next step in this line of inquiry.  Significantly, survival 

in mouse models of pneumococcal pneumonia is associated with early bacterial clearance 

(51; 52). 

In vitro, it is not possible to fully reproduce the living environment.  Relevant 

factors such as alveolar epithelial cells, dendritic cells, lymphocytes, surfactant proteins, 

as well as acute phase reactants produced by the liver during infection were not present in 

our models.  Future studies could use approaches such as epithelial co-culture models or 

the addition of surfactant proteins to determine the importance of these factors.  Also, in 

order to produce functional assays, bacterial challenges were in some cases not entirely 

naturalistic.  For example, in vitro pneumococcal challenges used large doses of heat-

killed bacteria.  Alternative methods could use live bacteria for in vitro pneumococcal 

challenge.  In the case of phagocytosis, fluorescently-transfected S. pneumoniae could be 

a useful tool.  Also, phagocytosis assays were carried out with levels of bacteria several 

orders of magnitude higher than those used in vivo, and during the course of assay 

development, it was found that CS-induced phagocytic impairments could be obscured 

with very large bacterial doses.   
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More simply, in vivo determination of phagocytosis could be performed with the 

same bacteria used in our study.  Aside from including all the factors normally present in 

vivo, this approach has another advantage.  When phagocytosis assays are performed 

with AMs adhered to plastic or glass surfaces, phagocytosis is substantially slowed.  Our 

results indicate that TLR2-mediated signaling is impaired in CS-exposed animals, and in 

experiments with neutrophils, it was found that genetic deficiency of TLR2 delays 

pneumococcal phagocytosis (53).  Therefore, it is possible that the longer phagocytosis 

assays are under-representing the phagocytic defect present in vivo.   

In vivo CS exposures 

 A perfect model of human smoke exposure is a theoretical impossibility, due to 

the great variety of exposure patterns, unrelated co-exposures, and genetic diversity 

within the human species.  In these studies, mice were exposed to machine-generated CS 

in whole body exposure chambers, an approach which has been widely used in research.  

While a detailed history of the development of this model did not ultimately become a 

part of this dissertation, some salient points warrant consideration before final evaluation 

of the data.  First among them is the use of mice as a model for humans.  Mice have many 

similarities with humans, and have been used extensively in immunological and 

toxicological research.  However, important differences exist between humans and rodent 

models, such as the respiratory deposition of smoke particles.  Particles the size of ETS 

(approximately 0.2 μm mass median aerodynamic diameter) deposit more deeply in the 

pulmonary space in humans than rodents, and are retained for a longer period (54).   
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Since exposures occurred in a chamber rather than by direct smoking behavior of 

the animal, this model bears many similarities with ETS.  Environmental tobacco smoke 

is composed of both sidestream smoke from the combustion zone, and exhaled 

mainstream smoke.  Likewise the smoking machine used in most of these experiments 

was configured to collect smoke from both streams and deliver the combined mixture 

into the chamber.  This becomes particularly relevant in light of internal tobacco industry 

research showing that sidestream smoke is two to six times more toxic than mainstream 

smoke, depending on the biological endpoint (55).   

Another important consideration is the level of exposure.  The experiments 

described here reflect the development and refinement of these methods over time.  Early 

experiments included low-level exposures of approximately 2 mg/m3, as well as high-

dose exposures of 50 mg/m3.  Later, a level of approximately 20 mg/m3 was used.  This 

level was chosen based on observation of the animals’ behavior and biological responses 

as well as the behavior of the exposure system itself, which provided the most stable 

performance under these conditions.  It should be noted that these levels are higher than 

what is typically measured in ETS.  While levels in the milligram range have been 

reported in some indoor environments, more commonly levels in the tens or hundreds of 

micrograms are seen (56).  In this aspect, the models used here more closely resemble the 

higher exposures of active smokers.  However, in some environments ETS levels can be 

much higher than what is found in homes and workplaces.  For example, a level of 4 

mg/m3 was measured in a moving automobile (57).  This is unsurprising considering a 

recent report which carefully measured the combined particulate emissions of several 

commercial cigarettes and found approximately 18 mg per cigarette (58).   
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While exposure concentrations are largely under control of the researcher, 

practical considerations often dictate other aspects of the model such as timing and 

duration of exposures.  In these models, mice were exposed 4 hr/day, with no exposures 

over the weekends.  This is in marked contrast to smokers, who typically have their first 

cigarette soon after waking and continue to smoke periodically throughout the day and on 

weekends.  However some ETS exposures, particularly in workplace environments, may 

mimic such a pattern more closely.   

Many smokers continue the habit for years, whereas the longest set of exposures 

in these experiments was 5 weeks.  This duration was chosen because elevated numbers 

of AMs were apparent by this time.  Alveolar macrophages are known to accumulate in 

the lungs of human smokers (5), which is paradoxical in light of smokers’ increased 

susceptibility to respiratory infections.  To account for the possibility that AM 

accumulation somehow contributed to immune impairment, it was decided to recapitulate 

this phenomenon in the model.  However, other experiments used exposures as short as 

one week.  It is noteworthy than significant effects were seen even after the shortest 

period of exposure. 

Cigarette smoke-conditioned media 

In some experiments, CS-conditioned media (CSCM) was used as a model for CS.  While 

more dissimilar to native CS, it is a widely used surrogate.  Further, since a substantial 

portion of CS passes through the media, this model is likely to bias against producing all 

the effects of CS.  Additionally, to provide uniformity of conditions, CSCM in these 

experiments was prepared in a large batch and stored as frozen aliquots, further reducing 
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volatile smoke components.  Finally, our findings support the validity of the model in this 

context, in that AMs isolated from CS-exposed animals displayed impairments similar to 

those pre-treated with CSCM.   

 

Pneumonia model 

All experiments in this project were carried out with a single strain of S. 

pneumoniae (serotype 3).  Hence, different results could be possible with other 

pneumococcal variants.  While most of these studies were carried out on BALB/C mice, 

there was general concordance with effects seen in the limited number of C57BL/6 

experiments.  Another possible limitation of our model was its dissimilarity with early 

stages of human infection.  In order to demonstrate inter-group differences with a 

reasonable number of animals, models such as intranasal instillation or the intratracheal 

instillation used here introduce large inocula into the respiratory system, creating an 

infection that is both massive and instantaneous.  Typically, nasopharyngeal colonization 

precedes the development of lower respiratory infection, and exposure of the host to the 

pathogen during this period likely alters the subsequent immune response as infection 

develops in the lung.  Further, the response of AMs to pneumococcal stimulation varies 

with the magnitude of the provocation, such that large infections induce inflammation 

and recruitment of additional immune cells, whereas much smaller infections can be 

cleared without these responses.   
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If one assumes that the fulminant models of pneumococcal pneumonia typically 

used in the laboratory represent a particularly harsh onset of infection relative to the 

typical natural history of the disease, then lower-dose models could potentially be more 

informative of human subjects.  In such models, macrophages resolve infection without 

obvious inflammation, emphasizing the importance of phagocytic impairments in the 

initial stages of a pulmonary infection (59).  This raises the possibility that our model 

under-represents the impairment of AM function, due to the rapid recruitment of distal 

cells, which were more numerous in CS-exposed animals following pneumococcal 

challenge.  In one study, AMs from COPD patients and asymptomatic smokers displayed 

phagocytic impairment compared with nonsmokers, while blood monocytes between the 

groups did not differ (60).   

It is worth noting however, that pneumococcal pneumonia is a particularly serious 

infection, with mortality rates as high as 35% (61).  By comparison, the model used here 

produced approximately 50% mortality over a two-week period during initial 

experiments.  Therefore it is likely to bear significant similarities with human pneumonia.  

As our ability to measure subtle physiological endpoints improves, it may be feasible to 

demonstrate more pronounced and specific impairments of AM function in vivo, through 

the use of increasingly naturalistic models of pneumococcal infection.  In one example of 

such an endpoint, colonic temperature was compared with independent clinical 

assessment in mice following bacterial infection (62).  In all cases, hypothermia agreed 

with, but preceded a finding of moribund status. 

The Question is “Why”? 
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 While this project confirmed impairments in anti-pneumococcal innate host 

defense, and AM function, many questions remain.  The mechanisms by which CS exerts 

suppression of complement-mediated phagocytosis and TLR2-dependent signaling are 

unclear.  An important observation may be that neither of these effects was seen under 

conditions that failed to cause the other.  This suggests that there may be common 

mechanisms underlying both effects. 

There are several lines of reasoning that support this possibility.  For example, 

complement receptors, including CR3 and CR4 which are expressed on AMs, have been 

shown to interact with gram-positive ligands (63) and activate NF-kB (64).  It has also 

been suggested found that CR3 is necessary for full induction of inflammatory genes 

including TNF-α and COX-2 with low doses of LPS (65).  This project did not measure 

expression of AM receptors for complement.  However, because at least two major CRs 

(CR3 and CR4) are maintained in cytoplasmic pools, and have the capacity to undergo 

activation or deactivation independently of expression, such experiments alone may not 

provide an answer (66-68).  Future study could shed additional light on these effects by 

measuring expression and activation of these receptors and pharmacological inhibition of 

TLR- and cytokine-mediated signaling pathways. 

 

Final Thoughts 
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 In sum, the results of this project can reasonably be interpreted as confirming the 

hypothesis that CS exposure impairs pulmonary innate host defense in a murine model of 

pneumococcal pneumonia, and that AMs are likely to be involved in this impairment.  

The experiments described here represent the first demonstration of this relationship in an 

animal model, and thus constitute a novel finding.  Further, the heavy toll of disease 

caused by this pathogen and the large number of people exposed to CS lend practical 

significance to these observations.  Because of the model’s similarities with ETS, the 

appearance of immunosuppression after such a limited number of exposures has 

meaningful implications for those who come into contact with smokers as well.   

This model may be useful in the future as a means to explore the immunological 

effects of smoking and ETS exposure.  Specific lines of inquiry are suggested by the 

observation of impairments in complement-mediated phagocytosis and TLR-mediated 

signaling.  Ideally, such investigations could help to inform decisions regarding tobacco 

policy, and potentially aid in the development of therapies.   
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Fig 5.1.  Expression of SR-A on CSCM-cultured and control AMs.   
Alveolar macrophages were isolated from BAL fluid of naïve female BALB/C mice as 
described in Chapter 2, followed by culture in media alone or 1% CSCM in ultralow-
adherence plates.  Cells were labeled with FITC-conjugated rat anti-mouse SR-A (clone 
2F8) or isotype control (AbD Serotec, Raleigh, NC) according to manufacturer’s 
recommendations, and fixed on ice prior to analysis on a BD Biosciences FACSAria by a 
trained operator.  A. Expression of SR-A with subtraction of isotype control, n = 7 
experiments.  B.  A representative histogram showing SR-A (solid) and isotype-control 
(dashed) signal for CSCM (light) and control (dark) AMs. 
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Fig 5.2.  Transcription of SR-A in CSCM-cultured and control AMs. 
Alveolar macrophages were isolated from BAL fluid of naïve female BALB/C mice and 
cultured in media alone or 1% CSCM.  Treatment, mRNA isolation and RT-PCR analysis 
were carried out simultaneously with TLR transcription studies described in Chapter 4.  
Bars represent the mean ± standard error of the mean of four replicate experiments. 
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Fig 5.3.  Blockade of SR-A does not modify the relative rates of non-opsonic 
phagocytosis in CSCM-cultured and control AMs.  Alveolar macrophages were isolated 
from BAL fluid of naïve female BALB/C mice and cultured in media alone or 1% 
CSCM.  Phagocytosis of unopsonized FITC-labeled S. pneumoniae was determined as 
described in Chapter 3.  In Con + Fu and CSCM + Fu, groups cells were treated with 40 
μg/ml fucoidin (Sigma) for 30 minutes prior to phagocytosis. 
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Fig 5.4.  Selected mechanisms in CS-mediated impairments of innate host defense. 
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