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Although the lipoprotein complex of pulmonary surfactant has long been recognized as essential for reducing lung
surface tension, its role in lung immune host defense has only relatively recently been elucidated. Surfactant-associated
proteins A (SP-A) and D (SP-D) can attenuate bacterial and viral infection and inflammation by acting as opsonins and
by regulating innate immune cell functions. Surfactant-associated protein A and D also interact with antigen-presenting
cells and T cells, thereby linking the innate and adaptive immune systems. A recent study from our laboratory
demonstrated that mice deficient in SP-A have enhanced susceptibility to airway hyper-responsiveness and lung
inflammation induced by Mycoplasma pneumonia, an atypical bacterium present in the airways of approximately 50%
of asthmatics experiencing their first episode, and further supports an important role for SP-A in the host response to
allergic airway disease. Animal and human studies suggest that alterations in the functions or levels of SP-A and SP-D
are associated with both infectious and non-infectious chronic lung diseases such as asthma. Future studies are needed

to elucidate whether alterations in SP-A and SP-D are a consequence and/or cause of allergic airway disease.
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INTRODUCTION

Pulmonary surfactant is composed of phospholipids and
neutral lipids, which account for approximately 90% of its
mass, and of proteins, which account for approximately
10% of its mass. The protein component consists primarily
of serum proteins and four surfactant-associated proteins
(SPs). Surfactant-associated protein B and C are hydro-
phobic and interact with surfactant lipids to reduce surface
tension at the air-liquid interface and increase lung
compliance. Surfactant-associated protein A and D are
relatively hydrophilic and are pattern recognition mole-
cules of the collectin family of C-type lectins that
participate in lung innate immunity. Collectins, which
contain an N-terminal collagen-like region and a
C-terminal lectin domain, opsonize pathogens and
enhance immune cell phagocytosis and pathogen neutral-
ization by regulating the production of cell-derived
mediators. The most abundant of the surfactant-associated

proteins is SP-A, which is an octadecameric (6 trimers)
bouquet-like molecule. Surfactant-associated protein A is
structurally similar to Clq, a protein component of the
complement system, and to mannose binding lectin, a
serum collectin that is involved in the innate immune
response. Surfactant-associated protein D is a dodecamer
(4 trimers) that is assembled in a cruciform shape.
Surfactant-associated protein A and SP-D are synthesized
and secreted by the alveolar type II cells, the airway Clara
cells, submucosal cells and non-pulmonary tissues
(reviewed by Wright'). In the absence of SP-A, the
structure of surfactant large aggregates is altered, although
the surface tension reducing capacity of surfactant appears
unaffected. In addition, SP-A null mice survive with no
apparent pathology when housed in a pathogen-free
environment and respond similarly to wild-type mice in
exercised or hyperoxic conditions.” In comparison, SP-D
null mice develop alveolar proteinosis and increased lipid
pools at about 3 weeks of age, even when housed in a
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sterile environment, indicating that SP-D plays a role in
surfactant homeostasis. Also, metalloproteinases are
elevated in the lungs of SP-D null mice and likely
contribute to the development of an emphysema-like
phenotype. During an immune challenge, both SP-A and
SP-D null mice generally exhibit insufficient pulmonary
immune responses. For example, the null mice clear
viruses and bacteria at a slower rate and generally have
higher lavage levels of pro-inflammatory cytokines than
do wild-type mice (reviewed by Wright).

Surfactant proteins in allergic airway disease

In comparison to our understanding of the role of
surfactant proteins in infectious disease models, rela-
tively little is known about their role in non-infectious
chronic lung diseases such as asthma. Asthma is a
serious, sometimes life-threatening, respiratory disease
that affects the quality of life of an estimated 300 million
people world-wide.® Asthma is characterized by variable
airflow obstruction, airway inflammation and hyper-
responsiveness, and reversibility either spontaneously or
as a result of treatment.* A myriad of inciting factors
have been proposed such as genetic polymorphisms,
viral exposure during infancy, and occupational expo-
sures as an adult (reviewed by Lemanske and Busse” and
Dougherty and Fahy’). Symptoms can be exacerbated by
such factors as allergen exposure, respiratory tract
infections, exercise, environmental irritants, ingestion
of non-steroidal anti-inflammatory agents, psychosocial
stress as well as others.” An individual may be suscep-
tible to all or one of these exacerbating factors and
susceptibility may vary over time. Airway inflammation
in asthma is heterogeneous, with different phenotypes.
Atopic asthma is the most common form of asthma and
is associated with eosinophilia driven by T helper 2
(Th2) cells and dendritic cells (DCs), and mast-cell
sensitization by IgE that is accompanied with the release
of multiple bronchoconstrictors.® In people with
non-atopic asthma, who often have a more severe form
of the disease, as well as in those asthmatics that smoke,
the pattern of inflammation tends to be more neutro-
philic in nature.” Inflammation is primarily localized to
the larger conducting airways, although the smaller
airways can be affected in more severe disease. There
are currently two basic approaches for the treatment of
asthma: (i) long-acting medications to prevent exacer-
bations such as inhaled corticosteroids, long-acting
bronchodilators, or a combination of the two, leukotriene
inhibitors, IgE binding inhibitors, mast cell stabilizers,
phosphodiesterase inhibitors and adenosine receptor
antagonists; and (ii) rescue medications for use during
exacerbations such as short-acting bronchodilators and
intravenous corticosteroids. However, despite advances

in medical therapies, suboptimal control of asthma exists
for many individuals. Anadan er al.® examined interna-
tional trends in asthma prevalence in children and adults
by conducting a systematic review of epidemiological
studies published from 1990-2008. The authors con-
cluded that reports of reductions in emergency health-
care utilization in some economically developed
countries do not signal a declining trend in asthma
prevalence but rather reflect improvements in quality of
care. In fact, asthma prevalence is either increasing or
remaining stable in most parts of the world and the
burden on health services for the provision of asthma
care is thus expected to remain high. Taken together,
these facts highlight the imperative need to elucidate
further the pathogenesis of the disease and to develop
more efficacious interventions.

Surfactant-associated protein A and D are secreted in
both the larger and smaller airways and have been shown
to interact with the multitude of cell types implicated in
asthmatic inflammatory processes. Thus, SP-A and -D
have the potential to play significant roles in modulating
asthma pathogenesis (reviewed elsewhere'*'%). One of
the mechanisms by which SP-A and -D could lessen
inflammatory consequences in allergic airway disease is
to alter allergen uptake and thereby modify the cellular
response to allergen. Surfactant-associated protein A has
been shown to bind pollen grains and inhibit mast cell
degranulation in vitro,"* and SP-D enhances allergen
uptake by alveolar macrophages.'> Surfactant-associated
protein A and D bind dust mite allergens and inhibit
allergen-specific IgE binding to the dust mite allergens.'®
Surfactant-associated protein A and D can inhibit IgE
binding to Aspergillus fumigatus, an opportunistic air-
borne fungal pathogen, and block histamine release from
human basophils."”

Another mechanism by which SP-A and -D could thwart
inflammatory consequences associated with allergic airway
disease is to modulate the functions of DCs and CD4* Th2
cells (Fig. 1). These adaptive immune cells are purported to
play critical roles in asthma pathogenesis. For example,
rodents injected intratracheally with ovalbumin-pulsed
DCs, and subsequently challenged with ovalbumin
(OVA) aerosols developed CD4" Th2 cell-dependent
airway eosinophilia, goblet cell hyperplasia, and bronchial
hyper-reactivity.'"® When DCs were depleted from the
airways of thymidine kinase transgenic OV A-sensitized
mice, the secondary response to inhaled OV A, consisting of
airway eosinophilia and goblet cell hyperplasia, was
abolished, suggesting that airway DCs were necessary for
the generation of effector functions in previously sensitized
animals.'® In addition, CD4™ T cells accumulate in the lung
to generate an inflammatory response that has a strong
Th2 component, which contributes to airway
hyper-responsiveness. We have shown that SP-A and -D
can modify the functions of both DCs and T cells.
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Fig. 1. Studies from several laboratories are consistent with a model in which lung collectins minimize the inflammatory consequences associated with
allergic airway disease by binding to allergens and antigens and regulating the functions of immune cells implicated in the pathogenesis of asthma (i.e.
dendritic cells [DCs], T cells, and eosinophils [EOS]). Surfactant-associated protein D interacts with DCs to enhance the uptake and presentation of
antigen, whereas SP-A affects the production of regulatory molecules (accessory molecules and cytokines) by DCs during allergen or antigen contact
that can affect T-cell function. However, if the DCs remain in a less mature state in the lungs, migration may be inhibited to the lymph nodes, the site
where DCs primarily present antigen to activate T cells. Concomitantly, in the lungs, SP-A and -D interact directly with T cells, preferentially T effector
memory cells (TEMs), to inhibit proliferation and effector function. In addition, SP-D inhibits eosinophil chemotaxis and degranulation. We postulate
that, during allergen challenge, SP-A and -D minimize the inflammatory responses that could damage the delicate alveolar epithelium. Thus, deficiencies
or inactivation of surfactant proteins could contribute to the development of chronic inflammatory lung diseases. Modified from Wright.'

For example, SP-A inhibited bone-marrow derived DC
(BMDC) maturation and phagocytic and chemotactic
function while SP-D enhanced antigen uptake and presen-
tation by BMDCs in vitro (reviewed by Wright").
Additionally, Hortobagyi ef al.*® demonstrated that, when
added exogenously, recombinant SP-D inhibited matura-
tion and tumor necrosis factor (TNF)-oo production of
BMDCs in vitro. Surfactant-associated protein A and D
inhibited T-cell proliferation via an interleukin
(IL)-2-dependent mechanism observed with accessory
cell-dependent T cell mitogens and specific antigen in an
IL-2-independent manner (reviewed by Wright'). In con-
trast to the results obtained using BMDCs, we also
demonstrated that SP-D decreased antigen presentation by
DCs isolated from the mouse lung during both basal and
inflammatory conditions.”’ Wang et al.** established that
SP-A and -D reduce allergen-induced lymphocyte prolif-
eration and histamine release in peripheral blood mono-
nuclear cells harvested from children with asthma. Despite
these studies, how the surfactant proteins regulate the
in vivo function of DCs and T cells during
allergen-mediated  inflammation = require  further
delineation.

One of the key effector cells in allergic inflammation
is the eosinophil and both SP-A and -D have been shown

to regulate eosinophil functions. For example, SP-A
represses the production and secretion of IL-8 by
isolated eosinophils stimulated with ionomycin.*?
Additionally, SP-A expression is up-regulated in
patients with allergic rhinitis as compared to controls
and positively correlated with eosinophil numbers in the
basement membrane of the epithelium, suggesting a key
role in mediating inflammation associated with this
disease. Several immunomodulatory roles have been
described for SP-D interactions with eosinophils:
inhibition of eosinophil chemotaxis to eotaxin, regula-
tion of eosinophil degranulation to Ca®" ionophore
and immobilized IgG and serum from allergic patients,
and interaction via direct binding to eosinophils.**
Surfactant protein levels in broncho-alveolar lavage
fluid (BALF) from humans with asthma have been
reported to be both increased and decreased (reviewed
by Erpenbeck er al.'?). However, a recently published,
well-controlled study by Erpenbeck e al.*> concluded
that segmental allergen challenge in subjects with
asthma resulted in massive eosinophil influx with
specific increases in SP-B, SP-C, and SP-D and a
decrease in SP-A BALF levels. These levels were
compared with baseline and saline control challenge in
the same subjects. Importantly, these changes occurred
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in the absence of a concomitant change in total
phospholipid levels in the cell-free BALF, suggesting
that SP levels are regulated independently from surfac-
tant phospholipids synthesis and secretion. A specific
decrease in SP-A levels during allergic inflammation
was also observed in mouse studies using either
A. fumigatus or dust mite allergen.%’27 It remains
unclear as to whether the surfactant protein alterations
are a consequence or a cause of disease or are associated
with disease severity.

Studies using SP-A and -D null mice in various
allergen models suggest that SP-A and -D deficiencies do
contribute to allergic airway disease. Both SP-A and -D
null mice are more susceptible to allergic bronchopul-
monary aspergillosis (ABPA), an allergic disorder
induced by A. fumigatus, and exogenous administration
of SP-A and of SP-D reduced A. fumigatus-associated,
T cell-mediated, inflammatory indices.”® Aspergillus
fumigatus has both allergenic components and fungal
pathogenic components and, unlike other allergens,
contains intrinsic protease activity that can act as an
adjuvant to prolong Th2 responses.>’

Surfactant-associated protein A and D null mice also
have enhanced susceptibility to allergic airway disease
induced by the single antigen model ovalbumin (OVA).
We showed that SP-A null mice treated with OVA have
greater eosinophilia, T helper 2 (Th2)-associated cyto-
kine levels, and IgE levels as well as elevated propor-
tions of CD4" effector memory T cells in their lungs
compared to wild-type mice treated with OVA.*® The
function of SP-D, however, has been investigated more
thoroughly using the OVA model. Takeda et al.’'
described a progressive increase in SP-D lavage levels
in mice up to 48 h after the last OVA aerosol challenge.
In addition, administration of recombinant SP-D
dose-dependently decreased airway hyper-reactivity
and eosinophilia. These decreases were mechanistically
attributed to increased IL-10 and Th1 cytokine secretion
by alveolar macrophages. Kaspar er al.** also reported
that OVA challenge increased SP-D levels and that the
increases that were not affected by treatment with the
corticosteroid dexamethasone in rats. Interestingly,
increased SP-D expression was traced not only to type
II pneumocytes but also to Clara cells and hyperplastic
goblet cells. Schaub er al.>* demonstrated that SP-D null
mice have a heightened response to OVA challenge;
early in the response, the lack of SP-D skews the
responses in favor of a Th2-like response, while at later
times, a rise in interferon (IFN)-y and a decrease in IL-10
occur. Levels of BALF eosinophils and IL-13 production
were increased also at the early time points. Haczku
et al** recently showed that resolution of the allergic
response to OVA and to A. fumigatus is associated with
an IL-4/IL-13-mediated increase in SP-D levels. In
addition, SP-D null mice displayed heightened CD4

activation with increased IgE production to allergenic
sensitization while the addition of SP-D to A. fumigatus-
stimulated lymphocyte cultures directly inhibited Th2
cell activation in vitro. Of note, Schaub et al®® and
Haczku et al.>* reported discrepant results. In contrast to
Haczku et al.,** Schaub ez al.*® did not see an increase in
serum IgE but did observe tissue eosinophilia, illustrat-
ing that SP-D has differential effects depending on the
allergen or the sensitization protocol used. Similar to
many other studies published on the topic of lung
immunity, Haczku e al.>* used splenocytes for in vitro
cultures to draw conclusions about the interaction of SPs
and T cells. It will be important for future studies to
perform immunological assays that incorporate cells
harvested directly from the airways, lungs, or draining
lymph nodes.

Although valuable studies have been conducted using
SP-D null mice, studies with these mice are confounded
by the fact that they begin to show physiological signs as
early as 3 weeks of age of what will eventually develop
into a complicated emphysemic-like phenotype.*> The
features of this phenotype are not typically associated
with allergic asthma, making interpretation of the role of
SP-D in asthma a challenge. It would be informative
to use conditional SP-D null mice in allergic studies to
minimize the effects of the activated macrophages of
the SP-D null mice.

Whether surfactant modulates airway hyper-
reactivity, a classical feature of allergic asthma, is not
well understood. Surfactant administration has a bronch-
odilatory effect in rodent asthma models*® but has
achieved limited success in humans with asthma.'>?’
The relative contributions of surfactant lipids and
proteins in the reported bronchodilatory effects have
not been elucidated and whether surfactant can directly
affect smooth muscle function is ambiguous.

Surfactant proteins in mediating infection-induced
exacerbations in allergic airways

Mounting evidence suggest that pulmonary infections
with either the atypical bacterium Mycoplasma
pneumonia or Chlamydophila pneumoniae commonly
exacerbate symptoms observed in asthmatics, and thus,
may contribute to asthma morbidity.*® Additionally,
recent studies show that 50% of patients experiencing
their first asthmatic episode also have an acute
M. pneumoniae airway infection.”® Further evidence
from a double-blind, placebo-controlled trial in which
pulmonary function improved after antibiotic treatment
only in asthmatics with M. pneumoniae infection
supports a close link between this atypical bacterial
infection and chronic asthma.*’ Therefore, a better
understanding of the role of infectious agents in
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asthma and the ability to prevent exacerbations caused
by these agents could potentially improve the quality of
life for asthma sufferers and help preserve lung function.

Although previous studies have shown that SP-A
null mice have an enhanced susceptibility to infection
with Mycoplasma pulmonis,*" studies investigating the role
of SP-A in modulating the host response to M. pneumoniae
were only recently described. Surfactant-associated protein
A has been shown to bind surface disaturated phosphati-
dylglycerols** on M. pneumoniae and to an M. pneumoniae
protein known as MPN372.** Consequences of SP-A/M.
pneumoniae binding were inhibition of M. pneumoniae
growth in vitro and enhanced M. pneumoniae uptake by
macrophages.*> Recent studies from our laboratory
showed that SP-A null mice are more susceptible to
M. pneumoniae infection than are wild-type mice
(Fig. 2). Surfactant-associated protein A null mice had
elevated levels of inflammatory cytokines, infiltrating
immune cells, mucus production and significantly aug-
mented airway hyper-responsiveness compared to
wild-type mice.** Interestingly, when TNF-o. production
was inhibited, airway reactivity and mucus production in
the SP-A null mice were attenuated to levels approx-
imating those of wild-type mice. We concluded from
these studies that SP-A plays a critical role in preserving
lung homeostasis and host defense against M. pneumo-
niae by curtailing inflammatory cell recruitment and
limiting an overzealous TNF-o response and that an
absence of SP-A or inactivation of SP-A could lead to
augmented airway disease in asthmatics. Future studies
should be conducted to evaluate the role of SP-A in
protecting from M. pneumoniae-induced exacerbations
during allergic airway disease.

Surfactant protein variants associated
with lung diseases

Unlike rodents, humans have two SP-A genes, SP-Al
and SP-A2, and SP-A isolated from human lavage
consists of both SP-Al and SP-A2 gene products.
More than 30 genetic variants (alleles) have been fully
or partially characterized in both SP-Al and SP-A2
(reviewed by Floros er al.** and Floros and Wang®*®).
Four of the SP-A1 alleles (6A, 6A2, 6A3, 6A4) and six
SP-A2 (1A, 1A0, 1A1, 1A2, 1A3, and 1A5) are observed
with a frequency of greater than 1% in the general
population. The amino acid changes occur in SP-Al
alleles at positions 19, 50 and 219 and in SP-A2 alleles at
amino acids 9, 91 and 223. The amino acid position
numbering for all these alleles corresponds to the
primary translation product with the initiating Met as
position 1. The mature secreted SP-A proteins differ at
amino acid positions 19 (Ala or Val), 50 (Leu or Val) or
219 (Arg or Trp) for SP-Al, and positions 9 (Asn or
Thr), 91 (Pro or Ala) or 223 (Gln or Lys) for SP-A2.

Several studies by Floros and colleagues have
reported associations of SP-A alleles with a variety of
lung diseases including tuberculosis, respiratory distress
syndrome, COPD, and susceptibility to ozone (reviewed
by Pastva ez al.'?). Recent studies also identified strong
associations of SP-A polymorphisms with the severity of
respiratory syncytial viral infections.*” A very recent
study by Pettigrew and colleagues*® reported an associ-
ation between wheezing and coughing in newborn
infants and concluded that polymorphisms within the
SP-A gene may be associated with an increased risk of
asthma. Specifically, the 6A/1A haplotype was found to
be associated with increased risk of persistent cough or
wheeze.*® Interestingly, the structurally homologous
mannose binding lectin (MBL), which like SP-A and
SP-D is located on the long arm of chromosome 10q25,
has been found to have three point mutations in the
region coding for the collagen domain of MBL that
correlate with low MBL levels in serum.*’ In addition,
polymorphisms in the promoter region of MBL have
been linked to altered levels of serum MBL, and low
levels of MBL have been linked to enhanced suscepti-
bility to infection®”" and severity of lung disease in
patients with cystic fibrosis.”> Nagy and co-workers™
reported that the incidence of infection with C. pneu-
moniae and asthma was increased in children carrying
variant MBL alleles.

To date, only three polymorphisms in the SP-D gene
have been described: Metl1Thr, Alal60Thr and
Ser270Thr.>* The Thr/Thrll bi-allelic form of SP-D
has reduced viral neutralizing activity, does not properly
oligomerize™ and has been associated with an increased
susceptibility to M.  tuberculosis  infections.>®
Additionally, studies in a Chinese population found
significantly higher rates of the Metl1Thr genotype
present in patients with allergic rhinitis as compared to
control groups, suggesting the Met1 1Thr polymorphism
in SP-D plays a key role in genetic predisposition to
allergic rhinitis.’” However, Brandt et al.>® described
findings that the Metl1Thr variant of SP-D, while
affecting SP-D levels and decreasing the ability to bind
pathogens, was associated with decreased atopy in black
subjects and lower asthma susceptibility in white
subjects. While the presence and significance of surfac-
tant protein allelic variants have not been completely
elucidated in asthma, existing data suggest that surfactant
protein and phospholipid deficiency or dysfunction might
play an important role in disease pathogenesis.?>*">%-¢

CONCLUSIONS AND FUTURE DIRECTIONS
Deficiencies of SP-A and SP-D have been shown to

worsen both infectious and non-infectious lung injury in
SP-A and SP-D null mice. The roles of SP-A and SP-D
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Fig. 2. (A) Proposed model of M. pneumoniae-infected SP-A functional lungs. Surfactant-associated protein A binds M. pneumoniae and inhibits its growth and
pathogenicity. Surfactant-associated protein A acts as an opsonin to increase phagocytosis of M. pneumoniae by alveolar macrophages, which would localize the
infection and limit damage to the fragile lung epithelium. Surfactant-associated protein A inhibits M. pneumoniae-induced DC maturation, which would result in
less T-cell activation. Airway constriction will be minimal. (B) Proposed model of M. pneumoniae-infected SP-A dysfunctional lungs. Growth and pathogenicity
will not be controlled by SP-A. Since M. pneumoniae interacts with TLR2 to increase mucin expression in response to infection and since SP-A also associates with
TLR2 on macrophages to limit cytokine release, diminished competition for TLR2 binding in mice lacking SP-A should result in more mucus production and higher
levels of TNF-a as compared to wild-type control mice. Decreased levels of SP-A or dysfunctional allelic variants of SP-A would decrease the likelihood of M.
pneumoniae being phagocytosed by alveolar macrophages, resulting in M. pneumoniae binding to the airway epithelial cells, maintenance of an extracellular
existence and enhanced inflammation and airway reactivity. Dendritic cells will be more mature and consequently T cells will be more activated and airways will
present a greater level of inflammation in SP-A deficient mice after pulmonary infection with M. pneumoniae. Airway constriction will be significantly greater with
SP-A absent or dysfunctional. (C) Current research questions. In M. pneumoniae-exacerbated allergic lungs, will SP-A limit the number recruited eosinophils
infiltrating the airways and protect from M. pneumoniae-stimulated eosinophil cytokine production? Will SP-A inhibit M. pneumoniae-induced DC maturation,
T-cell proliferation and activation and chemotaxis of peripheral PMNs? Will SP-A regulate MC functions and protect from acute asthma symptoms? If SP-A
modulates any of these inflammatory parameters, it will likely provide protection from M. pneumoniae-induced allergic exacerbations and airway constriction.

production of cytokines and free radicals. In contrast, the
mechanisms by which SP-A and SP-D regulate immune
and epithelial cell responses in non-infectious lung
injury are less well understood. Surfactant replacement

in host defense against lung infections is well under-
stood; by virtue of their carbohydrate binding functions,
SP-A and SP-D opsonize pathogens and enhance their
clearance via increasing phagocytosis and regulating the
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therapies containing SP-B and SP-C have had a major
impact on infant mortality and morbidity in the treatment
of infant respiratory distress syndrome. An understand-
ing of the roles of SP-A and SP-D in protecting the lung
during acute and chronic lung disease is critical to the
development of new and innovative therapies for allergic
and inflammatory lung diseases. Moreover, future
studies must further clarify the importance of alterations
in the functions and levels of SP-A and SP-D, either via
inactivation, degradation or polymorphic variation, in
causing human lung disease.
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