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Surfactant, a lipoprotein complex, was originally described for its
essential role in reducing surface tension at the air–liquid interface
of the lung; however, it is now recognized as being a critical compo-
nent in lung immune host defense. Surfactant proteins (SP)-A
and -D are pattern recognition molecules of the collectin family of
C-type lectins. SP-A and SP-D are part of the innate immune system
and regulate the functions of other innate immune cells, such as
macrophages. They also modulate the adaptive immune response
by interacting with antigen-presenting cells and T cells, thereby
linking innate and adaptive immunity. Emerging studies suggest
that SP-A and SP-D function to modulate the immunologic environ-
ment of the lung so as to protect the host and, at the same time,
modulate an overzealous inflammatory response that could poten-
tially damage the lung and impair gas exchange. Numerous poly-
morphisms of SPs have been identified that may potentially possess
differential functional abilities and may act via different receptors
to ultimately alter the susceptibility to or severity of lung diseases.
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The enormous surface area of the lung epithelium is constantly
exposed to inhaled pathogens, particulates, allergens, and oxi-
dant gases. Because its primary function is gas exchange, this
portal of entry to the entire body is a thin, delicate barrier, highly
susceptible to injury if an immune challenge is not contained and
uncontrolled inflammation develops. Thus, the presence of a
local host defense system in the lung is critical for maintenance
of normal lung function and defense against infection. Although
many factors contribute to lung immunity, pulmonary surfactant
plays unique and important roles in lung host defense.

SURFACTANT COMPONENTS AND FUNCTIONS

Although surfactant was originally described for its essential
role in reducing surface tension at the air–liquid interface of the
lung, it is now recognized as a sentinel in lung immune host
defense. Isolated by lung lavage, it is a collection of interrelated
macromolecular lipoprotein complexes that vary in composition,
structure, and function. Surfactant is comprised of phospholipids
and proteins (10%), which predominantly include the hydropho-
bic proteins surfactant protein (SP)-B and SP-C and the hydro-
philic proteins SP-A and SP-D. Surfactant is synthesized and
packaged into the type II cell secretory organelle called the
lamellar body. In response to the stimulus of a deep breath, the
contents of the lamellar bodies are secreted into the thin, liquid
hypophase that covers the alveolar epithelium. It was initially
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thought that all four proteins were important in facilitating the
adsorption of phospholipids to the air–liquid interface, where
they reduce surface tension; however, subsequent studies have
shown that only SP-B is essential for this function. For instance,
infants who have low levels of SP-B due to genetic mutations
that impair processing and/or secretion suffer from respiratory
distress syndrome (RDS) (1). Treatment of babies who are born
before the maturation of surfactant biosynthesis machinery with
exogenous preparations of surfactant that contain SP-B and
SP-C revolutionized pediatric medical care by reducing morbid-
ity and mortality due to RDS. SP-C has been shown to bind to
LPS, a bacterial cell wall component, and genetic mutations
are associated with interstitial lung disease. The host defense
functions of surfactant are primarily mediated by SP-A and
SP-D. Nonciliated airway Clara cells and submucosal cells also
synthesize SP-A and SP-D, which are translated into 26- to 36-
kD and 43-kD products, respectively (2). It is not known whether
the function of airway-derived proteins are the same as those
produced at the alveolar level, but the lack of phospholipid
synthesis suggests that the function of these proteins in the proxi-
mal airways is not related to reducing surface tension.

SP-A and SP-D are members of the collectin family of C-type
lectins named for their aminoterminal collagen-like region and
carboxyterminal lectin or carbohydrate recognition domain (CRD).
Both are assembled as multimers: SP-A is an octodecamer re-
sembling a “bouquet,” and SP-D is a dodecomeric cruciform
(Figure 1). SP-A is structurally similar to C1q, a component of
the complement system that does not possess a lectin domain,
and mannose-binding lectin, a collectin found in serum. SP-A,
SP-D, and mannose-binding lectin have all been mapped to the
long arm of chromosome 10 in humans, and all have collectin
domains (2). Collectins function as pattern recognition mole-
cules, binding most frequently via their CRDs to oligosaccha-
rides on the surface of microorganisms to promote phagocytosis.
That collectins have a relatively high affinity for oligosaccharides
is an important determinant of self/non–self recognition, because
most carbohydrates in animals are monosaccharides. Therefore,
as collectins, SP-A and SP-D enhance microbial phagocytosis by
innate immune cells, such as macrophages and neutrophils, by
opsonizing and aggregating bacteria and viruses, by acting as an
activation ligand, and by upregulating the expression of immune
cell surface receptors that recognize microbes. In addition, SP-A
and SP-D also promote apoptotic cell uptake by innate immune
cells and regulate cytokine and free radical production in a
context-dependent manner. As an example, SP-A inhibits LPS-
stimulated nitric oxide (NO) production by alveolar macro-
phages isolated from normal lungs, but promotes NO production
in macrophages that have been activated by IFN-� (3). Both
proteins possess direct bactericidal activity against bacteria and
fungi through currently unknown mechanisms (4) (Figure 2).

SP-A and SP-D gene–null mice have been invaluable in deci-
phering the immunomodulatory roles of SPs. In the absence of
SP-A, the structure of pulmonary surfactant large aggregates is
altered, tubular myelin is absent, and SP-A is no longer available
to contribute to the formation of the typical lattice-like structure.
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However, the surface tension–reducing function of surfactant
appears unaffected, suggesting that SP-A does not appear to
play a primary role in surfactant homeostasis. Although the
mice are able to survive with no apparent pathology in a sterile
environment, and respond similarly to wild-type (WT) mice in
exercised or hyperoxic conditions (5), their pulmonary immune
responses are insufficient during immune challenge. SP-D–null
mice have a more complex phenotype. Even in the absence
of pathogens, the SP-D–null mice display advancing alveolar
proteinosis and increased lipid pools, indicating that SP-D has
a role in surfactant homeostasis. Metalloproteinases are also
elevated in their lungs, which develop an emphysema-like phe-
notype. SP-A– and SP-D–null mice are more susceptible to bac-
terial and viral infections and LPS-mediated inflammation,
confirming roles for SP-A and SP-D in modulating immune
responses in the lung (2).

SURFACTANT LINKS INNATE AND
ADAPTIVE IMMUNITY

Increasing evidence shows that SP-A and SP-D modulate the
functions of adaptive immune system cells, dendritic cells (DCs)
and T cells. DCs form a tightly meshed network within the upper
airways, parenchyma, and alveolar airspace, and are ideally posi-
tioned to sample inhaled antigens (6). DC density increases upon
inflammatory stimuli, particularly in the lower airways as a result
of recruited myeloid DC precursors (7). DCs function varies
with their state of maturity, and immature DCs are primarily
phagocytic. Upon exposure to microbial products or inflam-
matory signals, DCs differentiate, or “mature,” and exhibit in-
creased surface expression of major histocompatibility complex
II and costimulatory molecules, such as CD80, CD86, and CD40,
which bind to receptors expressed on T cells. The result of these
cognate interactions is antigen presentation to and stimulation
of T cells in regional lymph nodes and, locally, in the tissue.
The expression of CC-chemokine receptor-7, the receptor for
secondary lymphoid tissue chemokine and macrophage inflam-
matory protein-3�, is also up-regulated on mature DCs. Second-
ary lymphoid tissue chemokine and macrophage inflammatory
protein-3� are constitutively expressed in afferent lymph endo-
thelium and in the T-cell area of lymph nodes, respectively,
explaining why DCs migrate to the draining lymph nodes (8).
By modulating the pattern of costimulatory molecule expression,
the triggering of the T-cell receptor, and the production of polar-
izing cytokines, DCs determine the outcome of the primary
T-cell response of tolerance, unpolarized Th (T helper cell) 0,
or polarized Th1 or Th2 (8). However, the ability of DCs to
initiate an immune response is highly dependent on signals pres-
ent in the local environment.

We have shown that, although SP-A and SP-D both bind to
DCs in a calcium-dependent manner, they have differential
effects on DC function. For example, SP-D enhances antigen up-
take and presentation by bone marrow–derived DCs, but SP-A
inhibits DC maturation and phagocytic and chemotactic function
(9, 10) in vitro. Also, SP-A and SP-D inhibit T-cell proliferation
via two mechanisms: an IL-2–dependent mechanism observed
with accessory cell–dependent T cell mitogens and specific Ag,
as well as an IL-2–independent mechanism of suppression that
potentially involves attenuation of calcium signaling (11, 12). A
recent study suggested that SP-A–mediated inhibition of T cell
proliferation might partially result from transforming growth
factor-� present in the SP-A preparations (13). In contrast to
the results we obtained using bone marrow–derived DCs, we
recently illustrated that SP-D decreases antigen presentation
by DCs isolated from the mouse lung during both resting and
inflammatory conditions (14). A role for SP-D in regulating

T-cell responses in vivo is demonstrated in a study by Fisher
and colleagues (15) showing that SP-D–null mice have an accu-
mulation of CD4� and CD8� T cells expressing activation mark-
ers CD69 and CD25 in the perivascular and peribronchial regions
of the lung. Collectively, these studies suggest that surfactant
may be a critical regulator of organ-specific immune regulation
in the lung, and that the hyporesponsive immunologic environ-
ment of the lung is, in part, facilitated by the actions of SP-A
and SP-D in an effort to thwart inflammatory cascades that could
potentially damage the lung and impair gas exchange (Figure 3).

SP RECEPTORS

The mechanism of both antiinflammatory and inflammatory
functions of SP-A and SP-D are thought to involve binding
of SPs to microorganisms through their globular heads, which
contribute to phagocytosis and the initiation of an inflammatory
response. A number of mammalian cell surface receptors have
been identified on the surface of both endothelial and hemato-
poietic cells. Although the molecular identity of most of these
receptors has been determined, there are currently three that
have not been fully characterized. We briefly discuss here the
known receptors and their proposed functions, as greater detail
can be found in reviews that focus on SP receptor recognition.

The C1q receptor for phagocytosis (C1qRp or CD93) is a
126-kD type I CRD containing membrane protein, which is
expressed on the surface of hematopoietic and endothelial cells
(16). Different from SP function, C1q has the ability to activate
the complement cascade to enhance pathogen clearance. In con-
cert with SP-A, C1q can interact with the cell surface of patho-
gens and enhance the uptake of particles suboptimally opsonized
with IgG. Both C1q and SP have been suggested to enhance the
clearance of apoptotic cells in vivo while inhibiting an immune
response. Recent studies have suggested that C1q and SP, under
conditions of enhanced phagocytosis, can inhibit inflammatory
gene induction by innate immune cells through the receptor,
CD93. This observed function is thought to require both C1q
and SP, which is evident by the observation that SP-null mice
have heightened activation of inflammatory mediators. More
recent studies have suggested that CD93 can be shed from the
cell surface of monocytes induced by multiple inflammatory me-
diators (17), although the functional significance of this shedding
is as yet unknown.

Pattern recognition receptors, including the Toll-like receptor
(TLR) family, are thought to mediate phagocytosis and inflam-
matory gene induction, thereby promoting pathogen clearance.
The association of SPs with TLRs and/or the TLR-associated
molecule, CD14, may be one mechanism by which SP functions
as an inflammatory mediator (18). Studies have suggested that
SP-A directly associates with the TLR2 signaling molecule and
thereby inhibits downstream gene activation (47). More recently,
Ohya and colleagues have suggested that human SP-D binds
to the extracellular domains of TLR2 and TLR4 through its
CRD by a mechanism different from its binding to phosphatidyl-
inositol and LPS, although the functional outcome in relationship
to downstream TLR signaling was not assessed (19). Through
association with rough LPS, SP-A decreases the ability of LPS
to bind to CD14, but not to the LPS-binding protein (20).

The immunostimulatory and immunomodulatory effects of
SPs have long been observed; however, it was not until elegant
experiments by Gardai and colleagues that the ability of the
proteins to mediate these effects could be explained (21). The
investigators proposed that it was the orientation of the surfac-
tant molecule and its interaction with receptors on the cell
surface that augmented or modulated inflammatory gene induc-
tion. Specifically, in the absence of pathogen, SP binds via its
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lectin domain to signal regulating protein-� on the surface of
resident cells, resulting in the activation of the tyrosine phospha-
tase, SHP-1. SHP-1 mediates suppression of proinflammatory
genes by blocking the downstream signaling through Src-family
kinases and p38 mitogen-activated protein kinase. SPs mediate
immunostimulatory effects through a different orientation re-
sulting from the binding of the CRD domain to the pathogen,
LPS, or apoptotic cells, and results in aggregation via the collagen
region. The aggregated molecule in reverse orientation then
interacts with the CRT–CD91 receptor complex on the cell sur-
face, resulting in increased phagocytosis and proinflammatory
gene induction. These data provide one mechanism by which
SP molecules can function to enhance or inhibit inflammatory
responses.

ALLELIC VARIATIONS AND SIGNIFICANCE IN
RELATION TO DISEASE

The importance of SPs is underscored by the association of
qualitative and quantitative differences in SP-A, SP-B, SP-C,
and SP-D, and their correlation with disease. Polymorphic alleles
that alter the level of protein expression and functionality are
associated with a number of different pulmonary diseases, in-
cluding RDS, bronchopulmonary dysplasia, alveolar proteinosis,
respiratory syncytial virus (RSV) bronchiolitis, chronic obstruc-
tive pulmonary disease (COPD), familial cases of interstitial
pneumonia, as well as increasing the risk of pulmonary fungal
infections and the susceptibility to high-altitude pulmonary
edema. Although more research is required, we are beginning
to understand the molecular mechanisms by which these poly-
morphisms affect SP function. A comprehensive documentation
of the allelic variations of all SPs and their effect on function is
beyond the scope of this review, but we will focus on the most
common genetic polymorphisms that occur in SP-A and SP-D
and, where possible, provide the mechanism by which the poly-
morphism affects the function.

The human SP-A locus consists of one pseudogene and two
functional genes, SP-A1 and SP-A2, whereas all other organisms
encode only one functional SP-A gene. Human SP-A1 and SP-A2
have a 96% degree of similarity at the protein level, suggesting
that the critical functions of SP-A require protein conservation.
Important research has discerned the functional differences be-
tween these two genes. For example, SP-A2 exhibits a higher
level of activity than SP-A1 in its ability to enhance inflammatory
gene induction and pathogen clearance, potentially due to the
increased stability of the protein (22, 23). Another method of
regulation exists in the observed splice variations between the
two genes leading to differences in mRNA and protein levels.
Although there are known differences in functionality between
the two genes, more than four alleles of SP-A1 (6A, 6A2–4)
and six alleles of SP-A2 (1A, 1A0–5) are frequently observed
in the general population (24). Amino acid changes occur in the
mature secreted SP-A1 alleles at positions 50 (L,V) and 219 (R,
W), and in the SP-A2 alleles at amino acids 91 (P, A) and 223
(Q, K). SP-A human bronchial lavage consists of both SP-A1
and SP-A2. The major SP-A1/SP-A2 allele, 1A0/6A2 (50V,
219R/91A, 223Q), represents 55–57% of all SP-A alleles, is asso-
ciated with RDS in independent populations (25–28), and is
suggested to result in a decrease in SP-A mRNA levels, which
correlate with disease (29). Genetic variation in SP-A has been
clearly linked to susceptibility to RSV infection. Specifically, SP-
A2 Gln223Lys allele is overrepresented in infants with severe
RSV infection, whereas the SP-A2 Ala91Pro allele is underrep-
resented in severe RSV (30). It is suspected that the SP-A2
Gln223Lys allele may modify the ability of SP-A2 to bind to
RSV antigen, whereas the Ala93Pro mutation influences the

rigidity of the collagenous region of SP-A2, thereby affecting
the innate immune functions of SP-A. An allele of SP-A2 1A1,
in which there is a substitution of glutamine with lysine at residue
223 in the CRD, increases susceptibility to meningococcal dis-
ease after infection with Neisseria meningitidis, resulting in an
increased risk of death (31). In a recent study of risk factors
in susceptibility to high-altitude pulmonary edema, associations
with nucleotide polymorphisms in SP-A1 (C1101T, T3192C, and
T3234C) and SP-A2 (A3265C) were found (32). The finding that
two SP-A2 alleles result in greater sensitivity supported the
observation that mutations in SP-A2 play a role in susceptibility
to Aspergillus-mediated allergies (33). The synonymous nucleo-
tide polymorphism at position A1660G showed a significant asso-
ciation with allergic bronchopulmonary aspergillosis, and this
linkage was enhanced when associated with the nonsynonymous
allele, G1649C. Together, these alleles were reported to result
in a marked increase in total IgE, peripheral eosinophilia, and
a decrease in lung performance (% FEV1). It is interesting to
note that both of these mutations (A1660G and G1649C) showed
association with susceptibility to Mycobacterium tuberculosis in-
fection (34). Analysis of a nucleotide polymorphism that resulted
in a synonymous allele at amino acid 62 of SP-A revealed a
correlation with COPD (35). One SP-A1 (6A4) allele and the
single-nucleotide polymorphisms (SNPs) that characterize the
6A4 allele were found with higher frequency in idiopathic pulmo-
nary fibrosis (36). Because the majority of these SNPs are synon-
ymous, it is possible to speculate that these SNPs alter translation
and, potentially, mRNA stability that, in turn, affect protein
expression levels.

SP-D is mainly synthesized in alveolar type II cells of the
lung, and it is released into the blood during certain types of
lung injury. Four polymorphisms of SP-D have been identified
within the protein, including Met11Thr, Ala160Thr, Ser270Thr,
and nonsynomymous Ala286Ala mutation, although, to date,
only amino acid 11 has been associated with disease. The
Met11Thr and Ala160Thr polymorphisms in the amino terminal
and collagen domain have a frequency exceeding 20%, whereas
the Ser270Thr and Ala286Ala polymorphisms are relatively rare.
There is a strong linkage of the Met11Thr allele within SP-D
being associated with protection from severe RSV infection in
infants; whereas the Met11Met allele is associated with RSV
bronchiolitis, the Thr11-coding allele is associated with suscepti-
bility to M. tuberculosis infection (37). Studies have suggested
that alleles of codon 11 influence the ability of SP-D to oligo-
merize, which results in significantly different SP-D serum levels
(38). The Met11Met allele produces SP-D of both low- and high-
molecular-weight structures, whereas the Thr11 produces mainly
low-molecular-weight structures. The importance of this finding
was underscored by the observation that the high-molecular-
weight form of SP-D results in an increased binding affinity to
complex microorganisms, and the low-molecular-weight SP-D
preferentially binds simpler ligands, such as LPS. The physiologic
functions of high versus low-molecular-weight SP-D oligomers
is not yet known, although it is easy to speculate that they may
have alternative outcomes.

SPS IN CHRONIC LUNG DISEASE

Although acute infectious disease models show that SP-A and
SP-D inhibit inflammation and enhance pathogen clearance, rel-
atively little is known about the in vivo role of these proteins
in chronic lung diseases. However, in recent studies of nonaller-
gic lung disease and lung injury, a consistent theme that appears
to be emerging is that SP-D levels correlate with susceptibility
or severity of disease/injury. A relative collectin deficiency has
been identified in cystic fibrosis (CF) airways, and this deficiency
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Figure 1. Collectin structure. (a ) Surfactant protein (SP)–A and SP-D are
members of the collectin family that function as pattern recognition
molecules. Collectins are composed of an N-terminal noncollagenous
domain and of a C-type (calcium-dependent) carbohydrate recognition
domain (CRD; lectin domain). (b ) Structurally, collectins are trimeric
polypeptide chains that are assembled into oligomers; SP-A and mannose-
binding lectin (MBL) are octodecamers, consisting of six trimeric subunits,
and SP-D is a dodecomer, consisting of four trimeric subunits. Models
are not drawn to scale. Reprinted by permission from Reference 2.

Figure 2. Functions of SP-A
and SP-D as collectins. SP-A
and SP-D bind to and opsonize
viruses, bacteria, allergens, and
apoptotic cells. SP-A and SP-D
enhance microbial phagocyto-
sis by aggregating bacteria and
viruses. SP-A and SP-D also pos-
sess direct bactericidal effects
and potentially bind to a vari-
ety of receptors to modulate
immune cell cytokine and in-
flammatory mediator expres-
sion. Reprinted by permission
from Reference 2.

Figure 3. SP-A and SP-D
link innate and adaptive im-
munity to regulate host de-
fense. Although both SP-A
and SP-D can bind to T cells
and directly inhibit prolifer-
ation, SP-A can also indi-
rectly inhibit T-cell prolifer-
ation via suppression of
dendritic cell (DC) matura-
tion. SP-D has been shown
to enhance antigen uptake
and presentation. Taken to-
gether, these in vitro results
suggest that the combined
role of SP-A and SP-D is to
modulate the immunologic
environment of the lung so
as to protect the host, yet
thwart an overzealous in-
flammatory response that
could potentially damage
the lung and impair gas ex-
change. Reprinted by per-
mission from Reference 2.
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appears to be inversely related to inflammation (39). Upon oxi-
dation, the quaternary structure of SP-D changes and its ability
agglutinate bacteria is impaired. This could potentially contrib-
ute to decreases in host defense and suppurative lung diseases,
like CF (40). Smokers and patients with COPD, characterized
by mucus hypersecretion and chronic bronchitis that impair ven-
tilatory capacity and gas exchange, had higher serum SP-D but
not SP-A and SP-B concentrations compared with normal con-
trol subjects (41). In addition, children (nonsymptomatic) who
have a tracheostomy had low levels of SP-D that correlated with
bacterial counts and neutrophilic inflammation (42).

Mouse models of lung injury have shown that the susceptibil-
ity to ozone (O3)-induced inflammatory changes varies between
different mouse strains and appears to be associated with differ-
ent levels of SP-D (43). For instance, C57BL/6 mice that express
high levels of SP-D also produced high levels of IL-10 and of
IL-6. In contrast, BALB/c mice released significantly more
keratinocyte-derived chemokine and IL-12 p70. Elevated levels
of SP-D were associated with the resolution of O3-induced in-
flammation, and low levels or lack of SP-D predisposed mice
to a severe inflammatory response. Intratracheal instillation of
bleomycin in rodents, in a model of subacute lung injury and
fibrosis, resulted in an upregulation of SP-D protein content
(44). In a follow-up study, Casey and colleagues (45) demon-
strated that intratracheal instillation of bleomycin administration
to SP-D–null mice results in increased mortality, enhanced lung
inflammation and tissue injury, and alterations in NO metabo-
lism. Furthermore, mice constitutively overexpressing recombi-
nant SP-D were protected from morbidity and mortality. Fujita
and colleagues (46) used a bleomycin model to study acute
inflammation and a transgenic mouse that overexpresses tumor
necrosis factor-� under the control of the SP-C promoter to
study chronic lung inflammation. Results showed that mRNA
for all SPs was reduced early in the acute model, but serum SP-D
increased at later time points. In the chronic model, expression of
SP-A, SP-B, and SP-C was reduced, but both serum and lung
SP-D concentrations were increased. These latter investigations
support a role for SP-D in the local modulation of the pulmonary
inflammatory response to noninfectious lung injury. Taken to-
gether, these studies suggest that SP-D may be a potential bio-
marker of lung inflammation.

Although substantial progress has been made in understand-
ing the role of the surfactant collectins in lung host defense, to
the best of our knowledge there are currently no clinical trials
in humans investigating the efficacy of surfactant preparations
containing SP-A and SP-D for the treatment of lung injury or
disease. A greater understanding of the impact of allelic variation
on disease, and the identification of surfactant receptors, will
invaluably assist in the quest to create SP therapeutics aimed at
specific diseases.

CONCLUSIONS

The lipoprotein complex surfactant is essential for reducing sur-
face tension at the air–liquid interface of the lung and for lung
immune host defense. Two of the SPs, SP-A and SP-D, specifi-
cally play a critical role in lung host defense. They not only
regulate the function of innate immune cells, but also interact
with antigen-presenting cells and T cells, thereby linking innate
and adaptive immunity. Acute infectious disease models show
that SP-A and SP-D inhibit inflammation and enhance pathogen
clearance; however, relatively little is known about the in vivo
role of these proteins in chronic lung diseases. Emerging studies
in noninfectious lung disease and lung injury suggest that SP-D
levels in bronchoalveolar lavage fluid and serum can vary, and
may potentially serve as a biomarker of disease or injury. The

numerous polymorphisms of SPs may have altered functions and
may act via different receptors to ultimately alter the susceptibil-
ity to or severity of lung diseases. Taken together, SP-A and
SP-D appear to modulate the immunologic environment of the
lung to aid in host defense and, at the same time, thwart an
overzealous inflammatory response that could potentially dam-
age the lung and impair gas exchange.
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