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Abstract
Surfactant is a complex of lipids and proteins that
reduces surface tension at the air/liquid interface of the
lung and regulates immune cell function. Surfactant im-
mune function is primarily attributed to two proteins: SP-
A and SP-D. SP-A and SP-D are members of a protein
family known as ‘collectins’, which are distinguished by
their N-terminal collagen-like region and their C-terminal
lectin domain. The lectin domain binds preferentially to
sugars on the surface of pathogens and thereby opso-
nizes them for uptake by phagocytes. The collectins also
modulate the functions of cells of the adaptive immune
network including dendritic cells and T lymphocytes. In
addition, recent studies show that bacterial products
degrade surfactant. In summary, surfactant plays an im-
portant role in lung host defense. Surfactant degradation
or inactivation may contribute to enhanced susceptibility
to lung inflammation and infection.
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Surfactant Is a Complex of Lipids and Proteins
That Reduces Surface Tension and Participates
in Host Defense against Infection and
Inflammation

Surfactant components are synthesized primarily by
two types of airway cells: the alveolar type II cell, which
produces surfactant lipids and all four surfactant proteins,
SP-A, SP-B, SP-C, and SP-D [1, 2], and the airway Clara
cell which also synthesizes surfactant proteins, SP-A, SP-
B and SP-D, but does not produce surfactant lipids [3–5].
It is not known if the secretory products of both cells carry
out similar functions, although it seems reasonable to
speculate that the surfactant produced by alveolar type II
cells is primarily responsible for reducing surface tension
since the Clara cell does not appear to synthesize surfac-
tant lipids. In addition, message has been detected in a
variety of non-pulmonary tissues including trachea, brain,
testis, salivary gland, heart, prostate gland, kidney, and
pancreas [6–8], although it is not yet clear if all of these
organs synthesize significant amounts of protein.

Surfactant has two distinct functions. First, it reduces
surface tension at the air-liquid interface of the lung. This
function requires an appropriate mix of surfactant lipids
and the hydrophobic proteins, SP-B and SP-C [9]; SP-B
deficiencies have been associated with infant mortality
due to respiratory distress syndrome [10, 11]. Second, sur-
factant also plays a role in host defense against infection
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and inflammation. Two of the surfactant proteins, SP-A
and SP-D, are members of a family of innate immune pro-
teins, known as collectins [12, 13]. Collectins, which
include the liver-derived serum-mannose-binding lectin
(MBL), all have an N-terminal collagen-like region and a
C-terminal lectin domain that binds carbohydrates in a
calcium-dependent manner. The preferential binding
sites for the lectin domains are non-host oligosaccharides,
such as those found on bacterial and viral surfaces [14].
The collectins play a key role in lung host defense by regu-
lating cells of both the innate and adaptive immune sys-
tems.

Innate and Acquired Immunity Are Important in
Pulmonary Host Defense

The enormous surface area of the lung epithelium is
constantly exposed to inhaled pathogens, particulates,
allergens, and oxidant gases. Because it is optimally de-
signed for gas exchange, this portal of entry to the entire
body is a thin, delicate barrier that is susceptible to injury
if an immune challenge is not contained and a proinflam-
matory state ensues. Thus, the presence of a pulmonary
immune system is critical to lung host defense and main-
tenance of normal lung function.

Innate Immunity. The first line of host defense is pro-
vided by innate immunity, a phylogenetically ancient sys-
tem utilizing germ-line-encoded proteins such as lyso-
zyme, complement, and the collectin family of proteins
which includes surfactant proteins SP-A and SP-D. Col-
lectins interact with pathogens and immune cells to facili-
tate pathogen clearance by enhancing phagocytosis and by
regulating production of cell-derived mediators (reviewed
in [13, 15–17]).

Adaptive Immunity. The adaptive or acquired (e.g.
antibody-mediated) immune system is a second line of
host defense initiated when antigen is presented to lym-
phocytes either via the major histocompatibility complex
class I (MHC I), which is present on all cells of the body,
or class II (MHC II) which is present only on antigen pre-
senting cells. Antigen-presenting cells internalize exoge-
nous antigens, process and present peptide via MHC class
II to T lymphocytes which respond by proliferating and
producing effector cytokines that stimulate B cell division
and differentiation into antibody-secreting plasma cells.
In contrast, endogenous peptides derived from the cyto-
plasmic content of cells (e.g. viral peptides) are loaded on
MHC class I, transported to the cell surface and presented
to cytotoxic T killer cells which results in host cell death.

The adaptive immune response is much slower to mature
than the innate response but once it is mature, it can result
in rapid recruitment of inflammatory cells. Also, the
adaptive response, unlike the innate response, is im-
proved by repeat exposure which results in enhanced anti-
body levels.

Cross-Talk between Innate and Acquired Immunity.
Although innate and adaptive immunity have long been
regarded as two separate and distinct host defense sys-
tems, several lines of evidence show that there is cross-
talk between the two systems [18]. This cross-talk is
mediated by the cells and regulatory molecules of the two
immune systems including the collectins.

A Variety of Cells Participate in Innate and
Adaptive Immunity in the Lung

Macrophages. Macrophages are the primary immune
cells in the alveolar space of the normal lung comprising
approximately 95% of lavage cells. Alveolar macrophages
are derived primarily from circulating monocytes through
poorly understood mechanisms. Macrophages are highly
phagocytic and clear a variety of inhaled pathogens in-
cluding bacteria, viruses, particulates, allergens, as well as
internalizing and degrading surfactant (reviewed in [15]).
Although some tissue macrophages are effective at anti-
gen presentation, alveolar macrophages are relatively
poor antigen-presenting cells [19].

Neutrophils, Eosinophils, Mast Cells. During infection
or inflammation the alveolar cell population increases by
as much as 15-fold; in many inflammatory diseases the
primary infiltrating cell is the neutrophil [20]. Neutro-
phils, also known as polymorphonuclear cells (PMNs)
because of their irregularly shaped nuclei, are recruited by
chemotactic factors such as complement and cytokines.
They are highly phagocytic and contribute significantly to
pathogen eradication by both oxidant dependent and
independent pathways. Numbers of eosinophils and mast
cells also increase during an immune challenge and these
cells play an important role in allergic diseases such as
asthma.

Antigen-Presenting Cells. The dendritic cell is the most
potent antigen-presenting cell especially for initiating an
adaptive immune response to naı̈ve T cells. In the normal
lung dendritic cells are found in airway epithelium, the
lung parenchyma, the visceral pleura and the alveolar air-
space [21–24]. There are relatively few dendritic cells in
the alveolar space of the normal lung but challenge with
ovalbumin antigen or bacillus Calmette-Guérin results in
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Fig. 1. SP-A and SP-D modulate dendritic cell and T lymphocyte function. We propose a model in which SP-A and
SP-D act specifically in the pulmonary compartment to both enhance antigen uptake and inhibit T lymphocyte
proliferation. Also SP-A inhibits dendritic cell maturation. Migration and maturation of dendritic cells will result in
their movement to the lymphoid tissue compartment where they can activate T cells and contribute to the adaptive
immune response.

a 60-fold increase in dendritic cells (e.g. approximately
2.5 ! 105) recovered by lung lavage in rats [21, 25]. Den-
dritic cell function varies with the state of maturation
[26]. Immature dendritic cells, such as those found in lung
tissue, are highly phagocytic. When stimulated by cyto-
kines, such as granulocyte-monocyte colony-stimulating
factor (GM-CSF) or by bacterial products such as lipo-
polysaccharide (LPS), dendritic cells mature, become less
phagocytic and exhibit increased expression of MHC
molecules and a concomitant increase in the ability to
present antigen. In vivo and in vitro studies suggest that
dendritic cells in the alveolar space and the interstitium
internalize inhaled antigen and migrate to lung lymph
nodes where they can present antigen to T cells residing
there [24, 27, 28]. The role of dendritic cells in allergic
inflammation has been demonstrated [29–31] and was
recently reviewed [32].

Lymphocytes. The total number of T cells in the lung is
estimated to be greater than the total number of T cells in
peripheral blood [33]. The alveolar pool in humans is esti-
mated to be 5 ! 108 cells [34] and the number of alveolar
lymphocytes increases in response to an immune or
inflammatory challenge. It has been documented that
lymphocytes can migrate from the alveolar space to the

draining bronchial lymph nodes where they can interact
with antigen-presenting cells [35]. Ansfield et al. [36]
reported more than two decades ago that lymphocytes in
the alveolar compartment are hyporesponsive with re-
spect to their ability to proliferate when stimulated with
mitogen compared to lymphocytes from circulating
blood. Part of this hyporesponsiveness is due to the fact
that many of the lavage lymphocytes are memory T cells
[37, 38]. However, part of this hyporesponsiveness is also
mediated by surfactant phospholipids [36] and proteins
[39–41], secretory products of alveolar macrophages (e.g.
prostaglandin E2, superoxide and vitamin D metabolites
[19, 42]) and unidentified secretory products of type II
cells [43]. An important recent study by Seitzman et al.
[44] confirmed that lung lymphocytes proliferate mini-
mally in vivo in response to an antigen challenge. Since
lymphocyte proliferation is a key factor in propagation
and expansion of the adaptive immune response [45], it
has been proposed that suppression of lymphocyte prolif-
eration in the alveolar space protects the host from tissue
damage and inflammation that would occur if the T cells
were constantly activated [46]. In fact, excessive T cell
responses have been associated with a variety of lung dis-
eases including asthma and sarcoidosis [47, 48].
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Table 1. SP-A and SP-D affect the functions of a variety of immune cells

Cell type Collectin Function Reference

Macrophages SP-A and SP-D phagocytosis, chemotaxis,
cytokine and radical production

reviewed in 14, 15

Neutrophils SP-A and SP-D phagocytosis, chemotaxis,
cytokine and radical production

reviewed in 14, 15

Eosinophils SP-A IL-8 production 64

Lymphocytes SP-A and SP-D inhibits proliferation induced by mitogen and
allergens

39–41, 63, 87

Dendritic cells SP-D enhances antigen uptake and presentation 61
SP-A inhibits dendritic cell maturation 62

Surfactant Proteins Play an Important Role in
Pulmonary Host Defense

Studies with SP-A- and SP-D-deficient mice show the
lung collectins enhance bacterial and viral clearance and
facilitate the resolution of lung injury and inflammation.
For example, SP-A deficient mice infected with group B
streptococcus [49, 50], Pseudomonas aeruginosa [51], or
respiratory syncytial virus [52] clear the pathogens more
slowly and have higher levels of proinflammatory cyto-
kines in lavage fluid than do wild-type mice. In addition,
both SP-A- and SP-D-deficient mice are more susceptible
to acute lung injury induced by lipopolysaccharide (LPS)
[53, 54].

Although the precise mechanisms by which the collec-
tins mediate these responses are not known, a number of
in vitro studies have shown that many of the immune
cells in the lung are affected by collectins (table 1). For
example, SP-A and SP-D stimulate phagocytosis and che-
motaxis and regulate cytokine and free radical produc-
tion by multiple immune cells. There is, however, some
controversy surrounding these studies; it has been re-
ported that SP-A both enhances and inhibits the produc-
tion of inflammatory mediators such as TNF-· and nitric
oxide. Although the sources of these conflicts are not
totally clear, the type of cell and its state of activation
may contribute to differential responses to SP-A [55]. In
addition, the presence and type of pathogen will affect the
cell’s response to SP-A and possibly to SP-D [56, 57]. A
recent important study by Gardai et al. [59] determined
that the different effects of the collectins are mediated by
different receptors. Both SP-A and SP-D were found to
block inflammatory mediator production by binding to

signal regulatory protein · (SIRP·) via their lectin do-
mains. In contrast, the collagen-like stalks of SP-A and
SP-D stimulate proinflammatory mediator production by
binding to calreticulin/CD91. Furthermore, the binding
to calreticulin/CD91 was enhanced when the lectin do-
mains were engaged by foreign particles or apoptotic cells.
Thus, it appears that depending on the environment and
associated pathogens SP-A and SP-D can elicit either pro-
or anti-inflammatory effects.

SP-A and SP-D have also recently been shown to have
direct anti-microbial activity [59]. Wu and colleagues [59]
demonstrated that the lung collectins inhibit the growth of
several strains of Escherichia coli, Klebsiella pneumoniae,
and Enterobacter aerogenes. At least part of the growth
inhibition was a consequence of increased membrane per-
meability induced by the C-terminal domains. A similar
anti-fungal effect was also observed for Histoplasma cap-
sulatum [60].

SP-A and SP-D both affect cells of the adaptive im-
mune system including dendritic cells and T cells. Anti-
gen uptake and presentation is enhanced by SP-D [61],
whereas SP-A inhibits dendritic cell maturation [62].
Both SP-A and SP-D inhibit proliferation of lymphocytes
induced by mitogens and allergens [63]. SP-A also inhibits
the release of IL-8 by eosinophils [64]. A possible role for
SP-A and SP-D in the pathogenesis of allergic inflamma-
tion was suggested by a report showing that SP-A and SP-
D inhibit lymphocyte proliferation induced by dust mite
allergen [63]. Importantly, this inhibition was observed
with lymphocytes from stable asthmatic children and
their age-matched controls, but the ability of SP-A and
SP-D to inhibit proliferation was decreased when acti-
vated lymphocytes from asthmatic children with acute
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asthmatic attacks were tested. In addition, SP-A and SP-
D bind to water-extractable, allergenic glycoproteins from
dust mites and purified allergens from Aspergillus fumiga-
tus, both of which are associated with allergic disorders
[63]. SP-A and SP-D inhibit binding of allergen-specific
IgE to house dust mite extracts and inhibit histamine
release from cells obtained from whole blood of asthmatic
children [63], leading the authors to speculate that SP-A
and SP-D may participate in modulation of allergen sensi-
tization and/or the development of allergic reactions [3].

These studies in aggregate suggest that lung collectins
contribute to pulmonary host defense by mediating cell
specific responses of both the innate and adaptive im-
mune systems.

Surfactant Levels Are Altered in Diseases
Including Acute Lung Injury and Infection

Surfactant levels are known to be altered in patients
with a variety of lung diseases (reviewed in [65]). For
example, SP-A is decreased in bronchoalveolar lung fluid
of patients with acute respiratory distress syndrome
(ARDS) [66], lung trauma [67], pneumonia [68] and pul-
monary fibrosis [69] but is increased in patients with sar-
coidosis [70], asbestosis [71] and hypersensitivity pneu-
monitis [72]. SP-D levels are decreased in patients with
sarcoidosis, lung fibrosis and ARDS [73]. SP-B levels are
also decreased in ARDS [66] and pneumonia [74]. Surfac-
tant lipids are variably altered in a variety of lung diseases
(reviewed in [65]). In aggregate, these data suggest that
changes in surfactant pool sizes are not just a consequence
of damage to the alveolar epithelium which would result
in diminutions in all surfactant components. Rather, the
data suggest that the metabolism of the different surfac-
tant components is differentially affected by the disease
process. To date, it is not clear if the changes that occur in
disease are a cause or a consequence of the disease or
more likely a combination of both.

Surfactant is specifically altered in patients with cystic
fibrosis (CF) who are commonly colonized with P. aerugi-
nosa, a major cause of morbidity and mortality in patients
with cystic fibrosis and bronchiectasis (reviewed in [75]).
For example, Postle et al. [76] reported that SP-A levels
were decreased by approximately 5-fold in CF patients
whereas SP-D levels were decreased by approximately 50-
fold. In contrast, phospholipid levels and content were
unaffected. Likewise, Griese and co-workers also reported
diminished levels of SP-A in lung lavage fluid of CF
patients with lung infections [77] and degradation prod-

ucts of SP-A were detected [78]. Meyer et al. [79] reported
decreased association of SP-A with the lipid components
of surfactant in patients with CF, although total SP-A lev-
els were comparable in CF patients and normal volun-
teers. In contrast, Hull et al. [80] reported increased SP-A
in lavage of CF patients with lung infections. Although the
reasons for the differences are not known, the fact that the
patients in Hull et al.’s studies were very young with a
mean age of 23 months and the fact that the samples were
collected by a smaller volume of lung lavage may have
affected the outcome. Surfactant levels have also been
reported to be altered in a rodent model of P. aeruginosa
pneumonia [81].

Our recent studies suggest that reductions in surfactant
protein levels during infection may be due in part to deg-
radation by bacterial products. We found that both SP-A
and SP-D are degraded by P. aeruginosa supernatants and
that the activity can be attributed to elastase and other
enzymes [82]. It has also been shown that human leuko-
cyte elastase degrades SP-D [83]. In normal healthy indi-
viduals, inhaled P. aeruginosa is cleared by the mucocili-
ary system and by uptake by phagocytes [84]. SP-A
enhances the uptake of P. aeruginosa by phagocytes in
both in vitro studies [85, 86] as well as in vivo studies
demonstrating that SP-A-deficient mice are more suscep-
tible to infection and inflammation induced by P. aerugi-
nosa than are wild-type, SP-A replete mice [51]. Our find-
ings that P. aeruginosa degrades SP-A suggest that the
pathogen has evolved a novel virulence mechanism in the
pathogenesis of pseudomonas infections.

In summary, the lung collectins have been shown both
in vitro and in vivo to enhance pathogen clearance and to
modulate the production of inflammatory mediators.
These effects are likely to be a consequence of cell-specific
regulation that is due at least in part to interaction of the
collectins with specific receptors. Levels of surfactant pro-
teins and lipids are altered in a variety of disease states
and surfactant proteins are degraded by both bacterial
and immune cell proteases. A decrease in the pool of func-
tional surfactant will be likely to lead to altered lung
homeostasis including decreased lung compliance and
increased susceptibility to infection and inflammation.
Inhibition of these processes and/or restoration of a func-
tional pool of surfactant during acute lung injury or bacte-
rial infections are possible mechanisms by which lung
function may be restored.
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