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We breathe to live, but the air we breathe carries many 
potentially harmful agents. To protect us against these 
constant challenges, our lungs have defenses that are 
remarkably effective, biologically complex, and scientifi
cally fascinating. It is not hyperbole to say that the patho
genesis of most lung disease begins with a breach of these 
defenses. This chapter surveys these normal lung defense 
systems. Just as this text assumes familiarity with general 
pathology, we also assume knowledge of basic immunol
ogy. This chapter emphasizes the lung's variations on 
themes of innate and adaptive immunity, and discusses 
the special role of granulomatous inflammation in lung 
defenses. 

To the extent possible, we will consider the evidence 
that a putative defense mechanism is functionally impor
tant. For example, relevant data include studies of people 
with genetic or acquired deficiency states, or experimen
tal animal models with genetic or pharmacologic disrup
tion (or enhancement) of defense components. In some 
cases, we must admit to a lack of formal proof and await 
future developments in the field. Fortunately, however, 
these are a minority, and our current knowledge of lung 
defenses will be shown to be well grounded in abundant 
clinical and experimental data. 

Problems in the Air 

Let us begin by considering broadly the potential prob
lems for which lung defenses must be prepared: namely, 
agents carried into the lungs during inhalation. A first 
realization is that lung defense systems must cope with a 
staggering volume of air. The volume of air inhaled by 
the average person can be estimated as 10,000 L per day 
or 400 million liters per lifetime.1 This volume ensures 
exposure to infectious and toxic agents, even if present in 
the air at quite low concentrations. There are three major 
categories of potentially injurious agents that merit atten
tion: pathogens, particles, and toxic gases. 

Pathogens 

Pathogens enter the airways from two major sources: 
inhalation of bioaerosols in the environment and aspira
tion of nasopharyngeal secretions. The latter illustrates 
well the general capacity of lung defenses for effective 
clearance of small inocula of organisms, especially those 
of low to moderate virulence. We must recall that there 
normally is abundant colonization of the nasopharynx by 
a complex ecology of microorganisms that can include 
pathogens such as Streptococcus pneumoniae in up to 
10% of normal adults.2 Importantly, numerous studies 
have documented that nocturnal aspiration of small 
volumes of these secretions is a normal occurrence? 
These secretions (e.g., saliva) contain an estimated 108 

anaerobes and 106 aerobes per milliliter, as well as pneu
mococci and other pathogens (depending on colonization 
status). The general absence of infection despite this daily 
dose of bacteria is a testimonial to the efficacy of lung 
defenses. For inhalation exposures, quantitative culture 
data show that ambient air contains variable, albeit gen
erally low, levels of bacteria and fungi.4 It must be recog
nized, of course, that the systems that are so effective 
against low-level challenges can fail us with larger doses 
or more virulent organisms. Exposure to aerosols gener
ated by expiration, sneezing, and coughing of other 
infected individuals can increase local concentrations of 
pathogens, especially in crowded conditions. Classic 
studies of tuberculosis provide dramatic evidence for 
aerosol transmission of a virulent pathogen, showing 
infection of guinea pigs by exposure to air from the rooms 
of patients with active disease (especially remarkable for 
calculations indicating infection after inhaling only one 
mycobacterium) (see Chapter 9).5 

Particles 

The broad term particles describes the complex collec
tion of solid particulates found suspended in the air we 
breathe. They derive from both natural sources (e.g., 
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crustal soil dusts, pollen, spores) and from man-made 
pollution sources (e.g., power plants, automobiles). Air 
particles vary greatly in size, pathogenicity, and concen
tration (e.g., rural vs. urban vs. occupational environ
ments). A key point is that particle size (diameter) is an 
important determinant of pulmonary deposition and 
clearance. Particles larger than 10 /..lm in diameter are fil
tered in the nose and upper airway and do not enter the 
lungs. In contrast, "respirable" size particles «2.5 /..lm in 
diameter) easily enter and deposit in airways and alveo
lar parenchyma. The pathogenicity of such inhaled parti
cles depends on dose, the physicochemical characteristics 
of the particle, and the host response. Particles of differ
ent types span a spectrum of pathogenicity. At one end 
are inert or innocuous particles that cause minimal inflam
mation or injury at ambient concentrations or when 
introduced into the lungs experimentally (e.g., iron oxide, 
Ti02, volcanic ash). In contrast, pathogenic particles like 
quartz cause human disease (silicosis, see Chapter 26) 
and robust inflammation and injury in experimental 
animal models. 

The most commonly inhaled pathogenic particles are 
those found in polluted urban air, which is composed of 
complex combustion-derived particles. Their toxicity is 
illustrated dramatically by historical episodes of high 
mortality during extreme elevations of particulate air 
pollution (e.g., the London fog of 1952 where over 4000 
excess deaths were recorded).6,7 Recent epidemiologic 
studies find a more insidious but consistent problem. 
There is increased mortality and morbidity as air particle 
levels rise in urban atmospheres. This observation has 
generated considerable new interest in the pathogenesis 
and control of particle-mediated health effects. 

The astute reader will have observed that, despite the 
goal of this section of quantifying the challenges faced 
by the lungs, no estimate of particle numbers typically 
inhaled has yet been offered. This reflects in part the 
devilish complexity of particle chemistry and health 
effects. Air levels of particles are typically measured in 
micrograms per cubic meter (/..lg/m3), but it is not yet clear 
whether particle number, total mass, surface area, chemi
cal composition, metal content, or (most likely) some 
combination of these determine pathogenicity.8-12 The 
same liter of typical urban air may be described as con
taining merely hundreds of large "fine" size particles 
(respirable, 2.5/..lm diameter) or milliqns of very small 
"ultrafine" size particles. Hence, this field still relies on 
the /..lg/m3 standard used for epidemiologic studies. For 
some perspective, we note that typical particle levels in 
U.S. cities are 10 to 20/..lg/m3, that epidemiologists link 
detectable increases in mortality and morbidity with 
increases of 10-/..lg/m3 increments, that many polluted 
cities in the world have levels fivefold or higher, and that 
levels during the fatal London Fog of 1952 are estimated 
to have been 300-fold or more higher! 
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The deposition and clearance of inhaled particles has 
been extensively studied. For larger particles that deposit 
on the airways, clearance is rapid and primarily via action 
of mucociliary clearance (see below). Smaller particles 
that reach the alveoli are phagocytosed by lung macro
phages, and then cleared within the macrophages when 
they exit the lungs via mucociliary clearance or, less fre
quently, when they enter the tissue lymphatics and migrate 
to thoracic lymph nodes. 

A key point that is instructive for our review of lung 
defenses is the observation that most air pollution parti
cle effects are detected in people with preexisting disease 
(i.e., "the sick getting sicker")Y·14 This indicates that 
normal lungs cope with these noncatastrophic particle 
loads without apparent acute effects, even though higher 
doses or deposition in diseased lungs can cause injury. 
This is achieved through mechanisms detailed below. 

Toxic Gases 

A number of pollutant gases provide an oxidant stress 
against which the lungs must be prepared to defend. 
Major problem gases include ozone, nitrogen dioxide, 
and sulfur dioxide, each of which has been linked in epi
demiologic and laboratory studies to myriad respiratory 
health problems. lO Additional culprits include CO, semi
volatile organics, and a host of other "air toxics." While 
substantial improvements in air pollution levels have 
occurred over recent decades, large numbers of people 
are still frequently exposed to unhealthy levels of these 
oxidant gases. For example, in 2003, U.S. Environmental 
Protection Agency (EPA) standards for ozone levels 
were exceeded in areas where a total of over 100 million 
people live.!S The chemistry and pathophysiology for 
these oxidant gases have been extensively studied and 
reviewed for the interested reader. 16.17 This brief mention 
will suffice to complete our consideration of the potential 
problems inhaled by the lungs. 

Defense Mechanisms 

Anatomic 

Deposition studies show that the upper respiratory tract 
is especially effective in filtering out large airborne par
ticles (e.g., >10/..lm in diameter), precluding their entry 
into the lungs. This is likely aided by the complex struc
ture of the nasal cavity and turbinates, which promote 
turbulence and impaction of large particles. This con
stitutes the first of many defense mechanisms, as sum
marized in Figure 3.1. However, smaller particles remain 
suspended in the airstream and enter the lungs ("respi
rable" particles, <2.5 /..lm in diameter). The closure of the 
glottis during swallowing is another anatomic defense 
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Surfactant 

FIGURE 3.1. Summary of lung defenses. These defenses include 
aerodynamic filtration by the upper airway and cough reflexes 
initiated by sensory nerves in the trachea and bronchi. Addi
tional airway defenses include mucociliary clearance, antibodies 
and other soluble mediators, and innate and adaptive cellular 

against entry of secretions (and food fragments) into the 
lungs, as illustrated by the increase in aspiration pneumo
nia seen in people with dysfunctional or structural disrup
tions of normal glottis closure. 

Cough is a normal protective reflex that helps keep the 
airways free of obstruction and harmful substances. The 
stimuli that initiate the cough reflex stimulate sensory 
nerve fibers that have been divided broadly into three 
main groups: A delta fibers, C fibers, and slowly adapting 
stretch receptors (SARs) (see also Chapter 2).18 An intact 
cough reflex is an important respiratory defense mecha-

immunity. Alveolar defenses rely on antimicrobial properties of 
surfactant and initial clearance by alveolar macrophages; if 
needed, additional inflammatory cells are recruited by chemoat
tractants produced by macrophages and epithelial cells. 

nism, supported by findings of marked depression of the 
cough reflex in elderly patients with pneumonia and that 
the greater the derangement of the cough reflex, the 
greater the risk of pneumonia. 19 

Mucociliary Clearance 

Ciliated respiratory epithelial cells act together with 
secretory cells of the airways to constitute a mucociliary 
transport system. Each epithelial cell has approximately 
200 cilia that beat 300 to 600 times/min and continuously 
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propel mucus and other admixed debris up the airways 
(hence the common moniker of "mucociliary escalator") 
at 0.5 to 20mm/min in small to large airways, respectively. 
Under normal conditions, between 10 and 100mL of 
secretions pass up the trachea into the pharynx daily.20 
The tight junctions between the apical connections of 
these cells form a physical barrier to the penetration of 
particles or gases. 

The lining fluid that facilitates mucociliary clearance 
consists of two phases. The sol or periciliary fluid phase 
adjacent to the epithelial cells provides a low viscosity 
environment for the beating cilia. The overlaying mucous 
gel phase is more viscous, and is propelled (along with any 
entrained inhaled particles) by the beating of the cilia. A 
second view of this innate airway defense system empha
sizes a role for a "chemical shield" in the airway lining 
fluid in protecting the lung against inhaled bacteria.21 This 
hypothesis emphasizes two other important functions for 
epithelia: the secretion of salt-sensitive antimicrobial pep
tides (defensins, see below), and the production of a low
salt «50mmol NaCI) milieu on airway surfaces that 
allows the defensins to be active against bacteria. It is 
striking that the antimicrobial substances appear to be 
limited to suppression of bacterial growth for a short 
period (about 2 to 6 hours), which conveniently matches 
the time normally required to clear inhaled bacteria from 
the airways by mucous transport. 

We can again turn to experiments of nature for valida
tion of the functional importance of this lung defense 
component. Congenital structural abnormalities (e.g., 
Kartagener's syndrome) in cilia disrupt normal mucociliary 
clearance. Such patients experience increased sinopulmo
nary infections. Similarly, acquired defects in ciliary func
tion are caused by sundry agents associated with increased 
susceptibility to infection (e.g., tobacco smoke, alcohol). 
Additional details of ciliary structure and diseases linked 
to ciliary dyskinesis are presented in Chapter 5. 

Surveillance by Soluble Mediators 

The lining of the airways and alveoli contains numerous 
extracellular substances that contribute to defense. Their 
function is best characterized against microbes, but they 
may also interact with inhaled particulates. 

Antimicrobial Components 

Two of the most abundant antimicrobial proteins of 
airway secretions are lysozyme and lactoferrin, with esti
mated concentrations of 0.1 to 1 mg/mL.22 Lysozyme is 
an enzyme that breaks the glycosidic bond between N
acetylglucosamine and N-acetylmuramic acid residues in 
bacterial cell wall peptidoglycan. In addition to enzymatic 
lysis of bacterial cell walls, lysozyme can also kill bacteria 
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nonenzymatically. Lysozyme is highly active against many 
gram-positive species, but is relatively ineffective against 
gram-negative bacteria unless aided by certain cofactors 
(e.g., lactoferrin, hydrogen peroxide, and ascorbic acid). 
It is likely that these cofactors damage and render the 
outer membrane of gram-negative bacteria permissive 
for lysozyme access to sensitive peptidoglycans. Lyso
zyme is produced by both epithelial cells and leukocytes. 
Since it is about tenfold more abundant in the initial 
"airway" aliquot than in later samples of bronchoalveolar 
lavage, it is likely that airway epithelium and its glands 
are the major sources of basal lysozyme in airway lining 
liquid. Elegant support for the role of lysozyme comes 
from studies showing that genetic deletion of lysozyme in 
mice increases susceptibility to pneumonia, while trans
genic overexpression enhances resistance. 23 

Lactoferrin is an iron-binding protein highly abundant 
in the specific granules of human neutrophils and in epi
thelial secretions. Lactoferrin inhibits microbial respira
tion, and therefore growth, by sequestering essential iron. 
It can also be directly microbicidal, an activity found in 
its N-terminal cationic fragment lactoferricin. Secretory 
leukoprotease inhibitor (SLPI) is another protein found 
in airway lining fluid that has antimicrobial activity against 
in vitro gram-negative and gram-positive bacteria. 
Notably, lysozyme, lactoferrin and SLPI show marked 
synergy when tested together for bacterial killing in 
vitro.24 Although the data for both lactoferrin and SLPI 
are strongly suggestive, no direct support (i.e., showing 
increased infection) from a human deficiency state or 
genetically altered mouse model exists. 

There are two major families of antimicrobial peptides 
to consider: the defensins and the cathelicidins. Human 
defensins are relatively small, 3- to 5-kDa peptides with 
a characteristic six-cysteine/three-disulfide structure, and 
are members of a large family of microbicidal peptides.25 

Although genomic data indicate that the family includes 
more than 20 members, only a few human defensins have 
been characterized, and divided into ex and ~ subgroups 
based on structure. The human neutrophil peptides 
(HNP)-l, -2, and -3, are closely related and found in the 
dense azurophil granules of neutrophils, and a fourth, 
HNP-4, is found in the same location but is much less 
abundant. Two other human defensins, HD-5 and -6, are 
located in the lysozyme-rich secretory granules of intes
tinal Paneth cells. Three recently characterized defensins, 
HBD-1, -2, -3, differ slightly structurally but are notewor
thy since their messenger RNAs (mRNAs) are expressed 
in epithelia, including respiratory tract expression. As 
with the bovine tracheal antimicrobial peptide, a proto
typic airway defensin, the synthesis and secretion of 
HBD-2 (and presumably HBD-3) are regulated by both 
responses to lipopolysaccharide (LPS) and other micro
bial stimuli and by cytokines. This conclusion is based 
on both in vitro data and on patient studies, showing that 
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the concentration of antimicrobial peptides such as 
~-defensins is increased in various body fluids during 
inflammatory or infectious diseases, such as pneumonia 
or cystic fibrosis. Cathelicidins are a more heterogeneous 
collection of antimicrobial peptides found in many 
animals, but the sole member found in humans is desig
nated LL-37.26 

Recent studies provide proof of the host defense func
tion of antimicrobial pep tides in living organisms.27 For 
example, mice deficient in the antimicrobial peptide 
mBD-l show delayed clearance of Haemophilus infiuen
zae from the lung.28 Overexpression of LL-37 by viral 
gene transfer resulted in augmentation of innate host 
defense in a bronchial xenograft model of cystic fibrosis29 
and in murine animal models of pneumonia and septic 
shock.27 

In vitro, defensins are potent microbicidal agents at 
micromolar concentrations against many gram-positive 
and gram-negative bacteria, yeast and fungi, and certain 
enveloped viruses. However, this activity requires low
salt conditions, and increasing salt concentrations rapidly 
inhibit defensin activity. This requirement prompts the 
hypothesis that one function of airway epithelia is to 
maintain an optimally low-salt milieu within the airway 
lining fluid that facilitates mucociliary clearance.21 Defen
sins damage microbes by permeabilizing microbial mem
branes rich in anionic phospholipids, with relative sparing 
of host membranes that are rich in cholesterol- and 
neutral phospholipid. 

At the alveolar level we find two components of the 
surfactant layer with important defense properties: sur
factant proteins A and D. They are collectins, which are 
a small family of secreted glycoproteins with C-type lectin 
domains and collagenous regions.30 The collectins surfac
tant proteins A and D are the major protein constituents 
of surfactant. In vitro, these proteins bind to microorgan
isms via sugars on the microbial surface, and enhance 
adhesion and phagocytosis of microorganisms by agglu
tination and opsonization. In addition to facilitating 
pathogen uptake and killing by immune cells, SP-A and 
SP-D are directly antimicrobial, that is, they show direct 
bactericidal activity in the absence of effector cells.31 In 
vivo evidence is also available and indicates a prominent 
host defense function. Mice genetically deficient in SP-A 
and SP-D show increased susceptibility to lung infections 
by bacteria32,33 and viruses.34,35 Importantly, the decreased 
microbial clearance can be reversed by addition of exog
enous SP-A. While similar, SP-A and SP-D show differ
ent patterns of antimicrobial activity and likely contribute 
distinctly to overall pulmonary host defense.36,37 

Antibodies and Complement 

These potent immune system molecules are present in 
airway and alveolar lining fluid, as shown in extensive 
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quantitative analyses of the proteins in bronchoalveolar 
lavage fluids.20 The major immunoglobulin (Ig) classes 
found are IgA and IgG. IgA is predominantly found 
along the nasopharyngeal mucosa and in large airway 
samples; its relative concentration decreases progres
sively from larger to smaller airways. In contrast, IgG is 
the major antibody found in alveolar fluid samples. Simi
larly, complement components are detectable in fluid 
samples from normal lungs, albeit at much lower concen
trations than found in plasma. The true in-situ concentra
tion for both antibody and complement remains 
unresolved due to limitations introduced by the dilutional 
aspects of lavage techniques. Nevertheless, it is clear that 
both are present. 

A more difficult question is what do the "pre-posi
tioned" antibody and complement in lung lining fluids 
contribute to initial lung host defense? The importance 
of systemic antibody and complement to the ultimately 
successful defense against infection is eminently clear 
from numerous human deficiencies and forms the foun
dation for the field of immunology. Experimental com
plement depletion studies show decreased lung clearance 
of certain pathogens (Streptococcus pneumoniae and 
Pseudomonas aeruginosa) but not others (Klebsiella 
pneumoniae and Staphylococcus aureus).38 Mice with 
genetic deletion of complement components or receptors 
also show increased susceptibility to lung infections.39.40 
However, in experimental analysis of bacterial clearance 
it is difficult (perhaps impossible) to separate the effect 
of lining fluid immunoglobulins and complement from 
the same mediators delivered from plasma after the inev
itable increase in vascular permeability caused by intro
duction ofthe organisms. Vaccination against pneumococci 
generates protective antibody that reduces systemic 
disease and mortality, but does not apparently change the 
rate of local lung infection (pneumonia).41 Similarly, for 
the special case of mucosal IgA, we learn from patients 
with selective IgA deficiency that most are asymptomatic, 
but a small minority do experience increased sinopulmo
nary infections,42 supporting a perhaps modest, but defi
nite, function for lining fluid IgA. Overall, it is intuitive 
and logical that these proteins contribute somehow to 
lung defense, but their precise role in initial defense 
remains difficult to characterize. 

Antioxidants 

The first line of defense against inhaled oxidant gases 
(and particles) is the numerous antioxidant molecules 
normally present in lung lining fluid. Indeed, it is likely 
that inhaled 0 3 and N02 react primarily with lining 
fluid components and may never directly reach the 
underlying cells,43.44 achieving toxicity through inter
mediates formed when antioxidant defenses are over
whelmed. These defense molecules include glutathione 
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and ascorbate (both present at higher concentrations 
than in plasma), uric acid, and a-tocopherol. Iron-binding 
proteins present in lining fluid such as lactoferrin, trans
ferrin, and ceruloplasmin inhibit metal-catalyzed oxidant 
Fenton reactions. Finally, enzymes with antioxidant activ
ity are also detected in normal lining fluid (e.g., catalase, 
glutathione peroxidase, and extracellular superoxide dis
mutase [ec-SODD.45A6 

Despite, or perhaps because of, this large list of poten
tial antioxidants, it has been difficult to gauge their rela
tive functional importance. Nevertheless, some valuable 
data have emerged. Circumstantial evidence for the low
molecular antioxidants and mucin include the obser
vation that cigarette smokers produce abnormally large 
amounts of mucus and have elevated amounts of uric 
acid, glutathione, and ascorbic acid in their bronchoalveo
lar fluids. This may, for example, contribute to their 
reported decreased sensitivity (assessed spirometric ally) 
to 0 3•47 They are unable to withstand the continuous 
onslaught of oxidants in tobacco smoke, and excess 
oxidant damage contributes to the pathogenesis of 
smoking-associated lung disease.48 Studies in animals also 
support a function for these molecules. When both ascor
bate (by diet) and glutathione (pharmacologically) are 
depleted, guinea pigs show an increased sensitivity to 
the toxicity of inhaled fly ash particles.49 Prior studies 
where only one antioxidant was depleted did not change 
responses to inhaled oxidants,50 indicating the redundancy 
offered by having multiple antioxidants present. 

For the enzymatic defenses, the best evidence is avail
able for ec-SOD where both knockout and transgenic 
overexpressing mice have been studied. When exposed to 
hyperoxia, ec-SOD-null mice show reduced viability and 
an earlier onset of severe lung edema as compared to 
wild-type mice.51 Conversely, overexpression of ec-SOD 
in the lungs of mice confers protection against hyperoxia
induced lung injury, further supporting a role for this 
antioxidant enzyme in protecting the lung against oxida
tive stress.52 Studies of other enzymes using genetically 
altered mice have failed to provide a clear answer.53 
Determining the function, if any, of the low levels of cata
lase and glutathione peroxidase present in lining fluid is 
an especially thorny problem because of the redundancy 
already described, the recruitment of additional plasma 
antioxidants through increased vascular permeability fol
lowing oxidant injury, and because these enzymes may 
actually function within lung cells (where they are found 
in greater abundance). 

Finally, note that we have considered these antioxi
dants in the context of defense against inhaled environ
mental oxidants. Most of these exposures are the results 
of relatively recent industrialization. They were not 
present to exert selective pressure during evolutionary 
development of the mammalian respiratory tract. Instead, 
it is likely that these antioxidant defenses developed 
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primarily to balance the oxidants used by host cells for 
killing infectious agents. The preparation of our lungs for 
modern environmental oxidant challenges may be con
sidered a fortunate side effect of homeostatic mecha
nisms in innate immunity. 

Surveillance by Cellular 
First Responders 

Macrophages 

Macrophages in the lungs include subsets in distinct 
anatomic compartments. Alveolar, interstitial, and airway 
macrophages have been characterized. The most numer
ous and best studied is the alveolar macrophage (AM). 
Normal adult lungs contain approximately 20 x 109 AMs? 
of which bronchoscopic lavage routinely yields 10 to 20 X 

106•55 Although local proliferation may contribute some 
of the normal resident population, AMs are ultimately 
derived from bone marrow hematopoiesis. Increases in 
macrophage number in response to injury derive primar
ily from influx and differentiation of blood monocytes. 
Estimates for the life span of AMs in normal individuals 
range from one to several months.56.57 The evidence for 
this includes the compelling observation that bone marrow 
transplant recipients of one gender eventually show 
repopulation of bronchoalveolar lavage (BAL) AMs by 
cells showing sex chromosomes of the other gender.57 

The main function of the AM is phagocytosis and 
clearance of inhaled material, a task it does remarkably 
well-with some important exceptions. The classic work 
of Green and Kass58 established that AMs ingest and kill 
inhaled bacteria in vivo. Subsequent in vitro studies have 
confirmed that AMs are avidly phagocytic and readily 
destroy ingested bacteria such as S. aureus, S. pneu
moniae, and H. injluenzae, as well as other pathogens and 
particles.59 Depletion of AMs using clodronate-liposomes 
has allowed further experimental demonstration of the 
importance of AMs in early responses to bacteria, since 
marked decreases in bacterial clearance follow. 60.61 This 
same approach also reveals interesting complexities, 
including a beneficial effect of AM depletion in experi
mental tuberculosis (presumably by eliminating the intra
cytoplasmic "safe harbor" AMs provide )62 and species 
differences, since diametrically opposite effects were seen 
in one study of AMs and clearance of Cryptococcus by 
rats and mice.63 The former illustrates the principle that 
AMs can ingest, but fail to kill, certain microorganisms, 
such as Mycobacterium spp., Nocardia spp., and Legio
nella spp., which are then capable of replicating intracel
lularly. Ultimate eradication of these pathogens requires 
the development of cell-mediated immunity. 

The process of phagocytosis has been analyzed in 
breathtaking detail, and key points are summarized in 
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FIGURE 3.2. Phagocytosis. Innate defenses against inhaled 
pathogens begin with numerous pattern-recognition or opsonin 
receptors that mediate initial binding by macrophages and neu
trophils, and which likely work together in a phagocytic synapse 
(see enlarged view of attachment step). Subsequent steps 
include internalization, killing, and degradation of pathogens by 

Figure 3.2. A first and critical step is the recognition or 
binding of phagocytic targets. The AMs possess a broad 
array of membrane receptors that mediate binding of 
organisms and particles. Phagocytosis is initiated by these 
specific receptors that either recognize serum compo
nents (opsonins) or directly recognize molecular deter
minants on the target. These two mechanisms of particle 
recognition categorize the phagocytic process as either 
opsonin-dependent or opsonin-independent. The Fcg 
and CR3 are the best-characterized opsonin-dependent 
phagocytosis receptors. Fcg binds to IgG whereas CR3 
binds the inactivated complement 3b (iC3b) fragment of 
complement. Recently other receptors such as collectin 
receptor, Clq, which binds the mannan binding protein 
(MBP), has been shown to mediate opsonin-dependent 
phagocytosis. IgG, iC3b, and MBP are opsonins that 
directly bind microorganisms and thus mark them for 
opsonin-dependent phagocytosis. 

For innate, initial recognition of inhaled foreign mate
rial the AM also uses several pathogen-associated pattern 
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oxidants and other molecules. Ab, antibody; CR, complement 
receptor; FcR, immunoglobulin receptor; iC3b; inactivated com
plement 3b; LPS, lipopolysaccharide; LTA, lipotechoic acid; 
MBL, mannose binding lectin; PLA2, phospholipase A2; SPA, 
surfactant protein A; SRs, scavenger receptors; TLRs, toll-like 
receptors; TSP, thrombospondin. 

receptors, which enable opsonin-independent phagocyto
sis.64•65 The scavenger receptors constitute one important 
example. Scavenger receptors (SRs) represent a large 
family of cell surface glycoproteins that were identified 
during studies of the mechanisms for low-density lipopro
tein (LDL) accumulation in atherosclerotic plaque mac
rophages. Subsequently, many other SRs on a variety of 
cells have been identified. The defining feature of the SRs 
is that they interact with a broad spectrum of ligands. 
Although the latter are mostly polyanionic molecules, 
there are a few exceptions to this rule, leading to the 
summation that they bind "most, but not all, polyanions" 
and to their designation as "molecular ftypaper.,,66 The 
SRs are divided into six subgroups, class A to F, based on 
their proposed tertiary structure. One example relevant 
to AM host defense function is the class A member 
MARCO, which can mediate AM uptake of unopsonized 
pneumococci and environmental particles in vitro and in 
vivo. The AMs express other SRs but their relative con
tributions to particle recognition and clearance remain 
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to be defined.67 Other receptors that mediate opsonin
independent phagocytosis are found on AMs. These 
include a receptor for B-glucans on fungi, dectin-l,68 the 
mannose receptor,69 and others.67 Finally, we must note 
lung macrophages (and other lung cells) express many of 
the Toll-like receptors now known to be critical in innate 
immune responses. The discovery and characterization of 
this large receptor family is a major recent accomplish
mentin immunology and has been extensively reviewed. 70.71 
For our purposes, we note that capture of inhaled patho
gens by pattern-recognition scavenger receptors facili
tates activation of Toll-like receptors by pathogen
associated LPS or lipotechoic acid. The Toll-like receptors 
in turn trigger an elaborate intracellular signaling cascade 
that can lead to macrophage activation and release of 
pro inflammatory mediators. The net effect is to increase 
the antimicrobial capacity of the macrophage and to 
recruit additional leukocytes if needed. 

After recognition and activation of intracellular signal
ing, then what? Two tasks must be accomplished: inter
nalization and killing.The cell biology ofthe internalization 
phase of phagocytosis has been dissected to a remarkable 
degree.72.73 For killing of internalized bacteria and other 
pathogens, the AM has considerable, but not omnipo
tent, microbicidal machinery. It generates reactive oxygen 
species (using the respiratory burst) from reduced 
nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase that contribute to pathogen killing.74 Other 
oxygen-independent bacterial killing mechanisms include 
proteases and phagolysosomal enzymes. In addition to 
reactive oxygen species, reactive nitrogen intermediates 
can contribute to pathogen killing.75,76 Human AMs can 
be shown immunohistochemically to contain nitric oxide 
synthase (NOS) isoforms 2 and 3.77.78 The high-output, 
inducible isoform NOS-2 appears to contribute to anti
mycobacterial defense,19 but the role of reactive nitrogen 
intermediates in other antimicrobial responses of human 
macrophages remains controversial.8o,81 

After ingestion of particles, the AM functions ulti
mately to remove the offending material from the lung. 
This is achieved by movement of AMs to the mucociliary 
escalator and clearance to the oropharynx, or to a lesser 
degree, entry of macrophages into tissue compartments, 
lymphatics, and migration to thoracic lymph nodes. 

The AM can also respond to pathogens by release 
of an extensive repertoire of inflammatory mediators 
that recruit additional help (i.e., the polymorphonuclear 
neutrophils, [PMNs]). These include lipid mediators 
(e.g., leukotriene B4 [LTB4]) and chemokines such as 
interleukin-8 (IL_8).82,83 It is also worth considering that 
AMs also phagocytose many targets without generating 
oxidants or proinflammatory responses (e.g., in response 
to inert particles). This is a sensible adaptation to the 
need to ingest and clear frequently inhaled, nonpatho
genic particles. 
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Epithelial Cells 

Once considered merely passive bystanders, the epithe
lial cells of the airways and alveoli are now known to be 
very active participants in lung defenses against external 
challenges. The ciliated epithelial cells of the airways 
are an integral part of the mucociliary clearance system 
already discussed. Epithelial cells produce important 
components of the lining fluid in airway and alveolus, 
including mucus, surfactant proteins A and D, antimicro
bial defensins, complement, and lysozyme. There is also 
evidence that they have some direct antibacterial func
tion. For example, respiratory epithelial cells function in 
early clearance of Pseudomonas aeruginosa via interac
tions of cystic fibrosis transmembrane conductance regu
lator (CFTR) with the bacterium, which promotes 
epithelial internalization and clearance.84 

Finally, the participation of epithelial cells in mediator 
networks that initiate and control lung inflammatory 
responses has been increasingly recognized. Airway epi
thelial cells secrete a large array of cytokines and other 
molecules (e.g., IL-l, -5, -6, and -8, and granulocyte
macrophage colony-stimulating factor [GM_CSF]).27,85 
By secreting these mediators, the airway epithelium is 
able to chemoattract and activate cells of the innate and 
adaptive immune system, which in turn immobilize and 
kill microorganisms. We must note, however, that the 
specific contribution of epithelial cells has not been fully 
tested since their selective ablation has not been feasible, 
in contrast to macrophages and PMNs, for example. 
Newer epithelial-specific gene targeting strategies may 
overcome this obstacle in future studies.86--88 

Polymorphonuclear N eutrophils 

After resident AMs, PMNs are the major second cellular 
defense against invading microorganisms in the lung. 
Under normal conditions, they are found primarily in the 
circulation, although a small number is present in lavage 
samples «2 %), possibly reflecting a low level of elicita
tion by ambient environmental exposures. Conveniently, 
at any given time, up to 40% of blood PMNs are margin
ated or in transit through the lung, facilitating recruit
ment when needed. The rapid and large movement of 
PMNs into the alveoli is achieved by the influence of 
several chemotactic factors released by AMs and other 
lung cells (e.g., IL-8, leukotrienes, complement frag
ments). These cause a rapid diapedesis, which is domi
nated by transit at the capillary level, in contrast to 
postvenular sites in other organs. 

Polymorphonuclear neutrophils are also avidly phago
cytic, especially for targets opsonized by serum antibod
ies or complement, which usually enter the alveolus 
along with PMNs after injury. The PMNs achieve killing 
of ingested microorganisms by generation of NADPH 
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oxidase-dependent reactive oxygen species (e.g., super
oxide and, after dismutation, hydrogen peroxide) and by 
phagolysosomal fusion. Reduced nicotinamide adenine 
dinucleotide phosphate oxidase is composed of a het
erodimeric membrane-bound complex embedded in 
the walls of secondary granules (gp91phox and p22phox, 
forming cytochrome b558) and four cytosolic proteins 
(p47phox, p67phox, p40phox, and rac). During phagocy
tosis, the secondary granule fuses with the developing 
phagosome, depositing cytochrome b558 in the mem
brane. The cytosolic components associate with each 
other and then with the cytochrome to form the final 
NADPH oxidase. This complex transfers an electron 
from NADPH (thus oxidizing it) to molecular oxygen, 
producing superoxide. Superoxide dismutase converts 
the highly reactive superoxide into hydrogen peroxide. 
Fusion of azurophil granules with the phagolysosome 
permits entry of myeloperoxidase, which catalyzes hydro
gen peroxide and chloride to form the oxidant HOCI. 
HOCI reacts with primary amines to generate highly 
toxic chloramines, which are powerful antimicrobial com
pounds active against most species of microorganisms. 
These metabolites of superoxide are potent microbicidal 
agents in vitro and are considered critical mediators of 
bacterial killing in vitro. An alternative hypothesis postu
lates that superoxide functions by creating electrochemi
cal gradients that serve in turn to activate the primary 
granule proteins neutrophil elastase and cathepsin G 
inside the phagocytic vacuole. 89 Other microbicidal factors 
within the azurophil granules include defensins, bacterial 
permeability-increasing protein, lysozyme, and other 
proteases. 

Clinical evidence for the importance of neutrophils 
in host defense of the lungs is abundant. Neutropenic 
patients often develop opportunistic infections by fungal 
or unusual pathogens in the lungs, underlining the impor
tant defense role of the PMN. Specific genetic defects are 
also illustrative. For example, defects in NADPH oxidase 
cause chronic granulomatous disease (CGD). It is note
worthy that only five microorganisms are responsible for 
the overwhelming majority of infections, including pneu
monia, in CGD: S. aureus, Burkholderia cepacia, Serratia 
marcescens, Nocardia species, and Aspergillus species.90 

The selective profile of organisms that cause lung infec
tions in neutropenic or CGD patients is telling. It rein
forces the deduction that many other potential pathogens 
of low dose or low virulence are neutralized in these 
patients by other host defense mechanisms. 

Mast Cells 

Mast cells enjoy a distinct spatial distribution in the lung, 
being found preferentially in intra epithelial locations or 
around blood vessels and bronchioles. These are arguably 
ideal locations for surveillance of incoming challenges.91 
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Although early mast cell tumor necrosis factor (TNF) 
production is certainly their best -defined contribution 
during innate immune responses, the range of other func
tions that mast cells are capable of is impressive. First, we 
should recall their potential for degranulation, associated 
with the release of a plethora of preformed mediators, 
such as highly bioactive proteases, histamine, and proteo
glycans. In addition, mast cells also produce a wide range 
of cytokines and chemokines, and release important lipid 
mediators, such as LTC4 and LTB4, in response to bacte
ria.92 The profile of mast cell mediators produced is tightly 
regulated with respect to the type and amount, as well as 
temporal sequence. Although some pathogen products 
induce the release or generation of preformed mediators, 
lipid mediators and cytokines have a more selective 
effect. 

Direct evidence of a role for mast cells in host defense 
against bacterial pathogens comes from studies of mast
cell-deficient mice. In both a model of cecal ligation and 
puncture and a model of Klebsiella pneumoniae-induced 
peritonitis, mice with normal numbers of mast cells sur
vived bacterial challenge, whereas mast cell-deficient 
mice succumbed to infection. The ability to overcome 
infection was restored when mast cells were selectively 
reconstituted in the peritoneal cavity. The function of 
mast cells was closely linked to the ability to rapidly 
recruit neutrophils to the site of infection, supporting the 
view that mast cells serve to mobilize innate immune 
responses through early mediator production. The impor
tance of TNF in this process was confirmed by studies in 
which mice were treated with anti-TNF antibodies. In 
some responses, the mast cell may be the major source of 
early TNF release, which is in keeping with observations 
of neutrophil recruitment after IgE-mediated mast cell 
activation.93 

Natural Killer Cells 

Natural killer (NK) cells are important in initial defenses 
against viral infection of the lungs. They arise from the 
same hematopoietic lineage as T cells, but differ in that 
they do not have to mature in the thymus and do not 
express rearranged antigen receptors. Instead, NK cells 
display families of cellular receptors that recognize virus
infected (and neoplastic) cells because of their altered 
expression of human leukocyte antigen (HLA) class I 
tissue antigens. The NK responses are mediated by inhibi
tory and activating receptors of two structural classes: 
killer Ig-like and lectin-like receptors.94 When NK cell 
receptors fail to detect normal HLA class I, they initiate 
a program of activation that leads to lysis of the infected 
cell. The NK cells also release interferon-y (IFN-y), which 
in turn leads to recruitment of other immune cells. In 
experimental respiratory syncytial virus (RSV) infection, 
for example, there is a rapid antiviral NK cell IFN-y 
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response that precedes and leads to recruitment of virus
specific, cytotoxic T lymphocytes. Local release of IL-12 
and IL-15 by dendritic cells and macrophages contributes 
to stimulation of NK cells for rapid antiviral responses in 
the lung.94.95 

Dendritic Cells 

Dendritic cells (DCs), named for their characteristic long, 
branched processes, are specialized mononuclear phago
cytes with important functions in antigen-presentation 
and initiation of adaptive immune responses. They are 
ubiquitous in the body, found in airways, alveolar paren
chyma, and thoracic lymph nodes. Acting as sentinels in 
airways, they sample incoming pathogens and antigens 
through phagocytosis. When this is accompanied by a 
second, danger signal (e.g., pathogen patterns recognized 
by Toll-like receptors) they undergo a phenotypic and 
functional change from their basal immature state. This 
maturation promotes the processing of antigen and its 
presentation on the cell surface, and the migration of the 
dendritic cell to T-cell-rich areas of nearby lymph nodes. 
Here they can initiate or amplify adaptive immune 
responses by triggering proliferation and activation of 
antigen-specific T lymphocytes. This cursory summary 
does not do justice to the rich and detailed analysis of 
DCs and their role in this process, reviewed elsewhere for 
the interested reader.96,97 For our purposes, we recognize 
this resident cell as an important transition between the 
innate response to inhaled antigenic material and the 
adaptive immune response that follows. 

Adaptive Immunity 

Having reviewed the initial elements of lung defense, we 
can now acknowledge the important role of adaptive 
immunity in dealing with pathogens that overcome the 
first, innate barriers. The adaptive immune response to 
pulmonary pathogens includes both humoral and cellular 
components. The benefit of humoral responses is well 
illustrated in the classic natural history of untreated 
pneumococcal pneumonia. Resolution of pneumonia 
begins with (and survival depends on) the appearance of 
IgG anti pneumococcal antibodies produced by humoral 
immune response at about 1 to 2 weeks after the start of 
the infection.98 Similarly, the natural history of viral lung 
infections illustrates the importance of cellular immune 
responses. Respiratory virus infections elicit CD4+, CD8+, 
and y8 T-cell responses, although the relative contribu
tions of these subsets to viral clearance can be variable. 
From studies of influenza and parainfluenza virus infec
tions in mice, we learn that CD8+ cytotoxic T cells playa 
key role in viral clearance. Neutralizing antibody is also 
generated late in the primary response, but does function 
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to clear primary infection unless the viral load is high. 
Typically, effector CD8+ T cells are first detectable in the 
lung on day 7 postinfection, and the number of CD8+ T 
cells peaks around day 10; optimal expansion of the CD8+ 
subset appears to depend on CD4+ T cells. The accumula
tion of CD8+ T cells in the lung results in clearance of the 
virus by day 10 postinfection and depends on either per
forin or Fas mechanisms.99 

It must be noted that cell-mediated immunity plays a 
role in recovery from influenza infection and may also 
prevent influenza-associated complications, but it does 
not seem to contribute significantly in preventing initial 
infection. lOo The humoral immune system produces anti
bodies against different influenza antigens, of which the 
hemagglutinin (HA)-specific antibody is the most impor
tant for neutralization of the virus and thus prevention 
of illness. The neuraminidase (NA)-specific antibodies 
are less effective in preventing infection, but they lessen 
the release of virus from infected cells. 

Two observations provide compelling evidence of the 
importance of adaptive immunity to lung host defense. 
The first is that reinfection with the same organism is rare 
after recovery from a lung infection (or results in milder 
disease, e.g., RSylOl ). Indeed, this concept forms the basis 
for vaccination programs for influenza and infectious 
agents. The second is evidence from human primary and 
secondary immunodeficiency states, which reveal differ
ing roles for the humoral and cellular branches of adap
tive immunity. 

Humoral immunodeficiencies, that is, those featuring 
defective antibody production, are relatively common, 
accounting for about 70% of all primary immunodefi
ciencies. Common effects include recurrent pneumonia, 
otitis media, sinusitis, and sepsis, caused by infections with 
pyogenic agents, such as H. influenzae, S. pneumoniae, 
and staphylococci. Hence, one generalization is that 
humoral (antibody) immunity is most important for suc
cessful defense against bacteria, especially encapsulated 
agents. 102 An important distinction is that most patients 
with defects involving predominantly humoral immunity 
generally recover from viral infections because of their 
normal cellular (T-cell) immune responses. Conversely, 
people with inadequate cellular immunity are highly sus
ceptible to opportunistic infections with viruses, often 
presenting as progressive pneumonia caused by parain
fluenza 3 virus, RSY, cytomegalovirus, varicella, or other 
opportunistic organisms, for example, Pneumocystis jir
oveci. Since B-cell function is also T-cell dependent, T-cell 
immunodeficiencies are also accompanied by defects in 
antibody production. Such patients may also have infec
tions with aggressive bacterial pathogens, similarly to 
those with primarily antibody deficiencies. 

Secondary immunodeficiency states also illustrate the 
importance of adaptive immunity in the lungs. For example, 
infection is a common life-threatening complication faced 



3. Lung Defenses 

by immunosuppressed organ transplant recipients. 103 The 
respiratory tract is particularly vulnerable, representing a 
leading infectious site in lung, heart, and liver transplant 
recipients. As in primary T-cell deficiencies, these indi
viduals experience suppression of lymphocyte-dependent 
immunity and increased incidence of viral and opportu
nistic pathogens. Similarly, the modern tragedy of AIDS, 
which primarily targets T-cell immunity, features enhanced 
susceptibility to opportunistic infection, in particular life
threatening infections of the lung. 104 

Finally, we can consider evidence from vaccination 
efforts, which also illustrate the power (and limitations) 
of adaptive immunity for lung defense. Vaccines are avail
able to prevent two of the most common and most deadly 
causes of lower respiratory tract infections: influenza and 
pneumococcal disease. Influenza vaccines prevent influ
enza as well as several complications of influenza, via 
antibodies highly specific for the strain used for immu
nization (requiring new immunization programs for 
ever-changing influenza strainsI05). Pneumococcal poly
saccharide vaccine prevents pneumococcal sepsis and 
systemic disease, but appears ineffective in reducing the 
incidence of local lung infection (pneumonia41 ), indicat
ing that not all systemic antibody responses translate into 
a functional barrier against initiation of infection in the 
lungs. 

Granulomatous Inflammation 

Granulomatous inflammation occurs in response to 
certain infectious agents and persistent foreign material, 
and as part of disease of unknown etiology (e.g., sarcoid
osis). It describes a distinct form of chronic inflammation, 
dominated by mononuclear phagocytes that take the 
form of macrophages, epithelioid cells, and multinucle
ated giant cells. lo6 Typically these cells congregate and 
form well-demarcated focal lesions called granulomas, 
although a looser, more diffuse arrangement may be 
found. In addition, there is usually an admixture of other 
cells, especially lymphocytes, plasma cells, and fibroblasts. 
Understanding granuloma development and its role in 
lung defense is pertinent to a broad cross section of pul
monary pathology. Since it is most relevant to lung host 
defense, we will focus on granulomatous responses to 
mycobacterial infection. There are detailed reviews of 
the shared and unique features of pathogenesis of sar
coidosis, hypersensitivity pneumonitis, and other lung 
granulomatous disorders available for the interested 
reader. 107-109 

Fortunately for our review, the sequence of cellular 
events in granuloma formation is indeed best defined in 
responses to tuberculosis, the prototypical granulomatous 
disease (see Chapter 9). The process begins with activa
tion of CD4+ T cells by antigen-presenting cells that have 
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ingested and processed antigenic mycobacterial compo
nents. This leads to proliferation and differentiation of 
naive CD4+ T cells to T-helper-l (Thl) cells, which release 
characteristic cytokines, especially IFN-y. These media
tors, in turn, activate macrophages for improved killing of 
intracellular bacteria and also account for the classic 
change of macrophage appearance to an enlarged cell 
with epithelioid morphology. The process also activates a 
number of cell surface molecules (e.g., macrophage fusion 
receptor, dendritic cell-specific transmembrane protein 
[DC-STAMP], CD47, CD44) thought to mediate cell-cell 
fusion and the formation of giant cells.IID-113 

The importance of this response in lung host defense is 
also best illustrated in tuberculosis, since it (usually) pro
vides mycobacterial containment critical for successful 
protection against progressive infection.114 Effective con
tainment depends on various T-cell subpopulations, includ
ing CD4, CD8, yo, and CDl restricted T cells. Based on 
animal models, a hierarchy exists: CD4+ T cells are most 
important, followed by CD8+ T cells, with precise roles of 
yo T cells and CDl restricted T cells less well understood. 
There is also a temporal sequence to the involvement of 
different T-cell subtypes in the phases of granuloma forma
tion. IIS It is clear, nevertheless, that CD4+ T cells are the 
central organizers of the granuloma during every phase of 
granuloma formation. Mice genetically deficient in CD4+ 
T cells form aberrant lesions that are unable to control 
bacterial numbers or prevent dissemination, establishing 
that CD4+T cells are important for initiation and construc
tion of granulomas. 116 In humans, the requirement for 
CD4+ T cells is demonstrated by the disseminated myco
bacterial infections seen in patients during the late stages 
of AIDS when CD4+ T-cell counts drop.117 

It is worth emphasizing that while T cells are the major 
orchestrators of protection, the actual execution of anti
microbial action (i.e., killing of mycobacteria) is per
formed by the macrophages that ingested the mycobacteria 
in the first place. After cross-talk between T cells and 
macrophages via various cytokines, notably IFN-y, TNF
ex, and leukotriene A (LTA), macrophages are activated 
and have increased ability to kill the intracellular patho
gens.llS.119The importance of IFN-yin human tuberculosis 
is clearly indicated by reports of severe and even fatal 
infections with mycobacteria in patients with defects in 
the IFN-y receptor.120 Specific changes in activated mac
rophages include increased phagocytic and microbicidal 
ability (through increased production of reactive oxygen 
species [ROS] and reactive nitrogen intermediates [RNI)) 
and increased release of cytokines, which promote fibro
blast proliferation and collagen production. The estab
lished view has been that necrosis ensues upon vigorous 
activation of the macrophages by the adaptive immune 
response (T cells). This view is based in part on the first 
appearance of necrotic centers at 2 to 3 weeks after infec
tion in a rabbit model, a time frame consistent with 
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generation of an adaptive response. However, this view 
has been challenged by findings in mycobacteria-infected 
guinea pigs where the development of the necrotic core 
was an early event and almost certainly preceded the 
emergence of the acquired immune response. 121 

Granuloma formation typically ends in fibrosis. Fibro
sis serves to wall off the granuloma contents and limit 
spread of infection and organ damage. It was shown in 
early studies that healed primary lesions are usually 
sterile within 5 years. 122 Mediators implicated in the fibro
sis process in granulomatous inflammation are numerous. 
Examples include TNF123 and transforming growth factor
~ (TGF_~),124 among many others.125 The Th2 cytokine 
IL-13 may also mediate fibrosis associated with granulo
matous responses. Blockade of IL-13 in schistosome
infected mice reduces fibrosis without altering the Th2 
cytokine profile.126 It is worth noting that there is dis
agreement as to the relative primacy of macrophage
derived vs. T cell derived factors. 11S,125 

Conclusion 

The lung defenses we have surveyed provide a complex, 
multilayered response to the pathogens and other poten
tially injurious agents we breathe (Table 3.1).As the large 

TABLE 3.1. Summary of lung host defenses 

Anatomic 
Upper airway filtration 
Glottis 
Cough reflex 
Mucociliary clearance 

Surveillance by soluble mediators 
Lysozyme 
Lactoferrin 
Antimicrobial peptides 

Defensins, cathelicidin 
Surfactant proteins 

SP-A, SP-D 
Immunoglobulins 

IgA,IgG 
Complement 
Antioxidants 

Uric acid, glutathione, a-tocopherol 
Extracellular superoxide dismutase 
Catalase, glutathione peroxidase 

Surveillance by resident lung cells 
Macrophages 

Alveolar, airway, interstitial 
Epithelial cells 
Dendritic cells 
Mast cells 

Recruited defenses 
Neutrophils 
Lymphocytes 
Monocytes 
Plasma mediators 
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size of this pathology book attests, this system is not 
perfect. Moreover, lung host defense must deal with the 
relentless evolutionary cleverness of microbes,127,128 and 
common self-inflicted impairment due to alcohol and 
cigarette smoke.129,130 Nevertheless, these defenses are 
remarkably successful, considering the frequency of 
contact with intruders that must be neutralized. We end 
by marveling at the details we know of this process, and 
with anticipation of future progress that will improve 
knowledge of lung pathology in general. 
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