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Abstract

Innate immunity mechanisms play a critical role in the primary response to invading pathogenic
microorganisms and other insulting agents. The innate lung immune system includes lung surfactant,
a lipoprotein complex that carries out a function essential for life, that is, reduction of the surface
tension at the air-liquid interphase of the alveolar space. By means of this function, pulmonary
surfactant prevents lung collapse, therefore ensuring normal lung function and lung health.
Pulmonary surfactant contains a number of host-defense molecules that are involved in the
elimination of pathogens, viruses, particles, allergens, and other insults, as well as in the control of
inflammation. This review is concerned with one of the surfactant proteins, the human (h) surfactant
protein A (hSP-A), which, in addition to its role in surfactant-related functions, plays an important
role in the modulation of lung host defense. The hSP-A locus has been identified with extensive
complexity that may have an impact on its function, structure, and regulation. In humans, two genes
—SP-Al (SFTPA1) and SP-A2 (SFTPA2)—encode SP-A, with SP-A2 gene products being more
biologically active than SP-A1 in most of the in vitro assays investigated. Although the two hSP-A
genes share a high level of sequence similarity, differences in the structure and function between SP-
Al and SP-A2 have been observed in recent studies. In this review, we discuss the human SP-A
complexity and how this may affect SP-A function.
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I. INTRODUCTION

Pulmonary surfactant is essential for life. It lowers surface tension at the air-liquid interphase
at the distal airspaces (or alveoli) of the lung and thus prevents alveolar (or lung) collapse at
low lung volumes during respiration. This surfactant-mediated function, which ensures patency
of distal airspaces, enables the lung to carry out its key function, the exchange of O, and
COy. Details of the structure and function of pulmonary surfactant have been reviewed
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elsewhere. In brief, the alveolar epithelial surface of the lung is lined with a thin layer of liquid
called hypophase. Lung surfactant is synthesized by alveolar epithelial type Il cells, and it can
be found in several structural forms. Structural forms relevant to this review are the lamellar
bodies found intracellularly within the type 11 cells as well as extracellularly in the hypophase,
where they may unravel to form another structural form of surfactant, the tubular myelin (TM).
The function of TM is not entirely understood. Surfactant from the hypophase adsorbs at the
air-liquid interphase to form a monolayer (and perhaps a multilayer), and by means of this
structural form, surfactant exerts its key function (i.e., lowers surface tension and prevents
alveolar collapse).

Pulmonary surfactant is biochemically complex consisting of lipids (~90%) and proteins
(~10%)by weight (reviewed in Ref. 2). The major lipid component of surfactant is
dipalmitoylphosphatidylcholine (DPPC), and the surfactant proteins (SP-) include SP-A
(~5.3%), SP-B (~0.7%), SP-C (~0.4%), and SP-D (~0.6 %). The pulmonary surfactant proteins
are involved in two broad groups of functions: the surfactant-related functions and the innate
host defense functions of the lung. SP-B and SP-C are hydrophobic proteins and are primarily
involved in the surface-tension-lowering function of surfactant.3-> SP-A and SP-D are
hydrophilic proteins primarily responsible for host defense—related functions of surfactant
(reviewed in Refs. 6-11),

SP-A (the focus in this review) can bind DPPC12 and is involved in both host defense— and
surfactant-related functions.6:8:13 In addition, SP-A has been shown to serve as a hormone in
parturition through its ability to modulate proinflammatory cytokine production,* as well as
in several other functions (reviewed in Refs. 2: 6: 7, 9, 11, 13, 15-18 ‘a5 depicted in Figure 1. SP-
A as an innate immune molecule plays an important role in preserving lung health in the face
of a considerable threat of invading or insulting agents, and perhaps in the everyday exposure
to low levels of invading or insulting agents. The first line of lung innate immune defense
consists of macrophages that eliminate harmful agents and produce a number of inflammatory
mediators. The interactions of SP-A with the macrophage or other immune cells and its role

in these and other processes, as well as the mechanisms involved, have been reviewed
elsewhere.6:7:9,13,15-17,19

Of interest, in general, as one ascends the mammalian evolutionary ladder, the genetic
complexity of SP-A increases. For example, in rodents there is a single SP-A gene locus, and
in primates a gene duplication event occurred generating two genes, SP-Al and SP-A2. In
humans, a more pronounced level of complexity evolved in the form of 5’ untranslated region
(5" UTR) splice variants and sequence variability. It has been postulated (reviewed in Ref.
20y that the increase in genetic complexity reflects the necessity to combat a wider variety of
insulting or injurious agents as, perhaps, more physical distance is covered by mammals up
the evolutionary ladder. Although the functional importance of this increased complexity of
SP-A during evolution remains unknown, the question whether SP-A served initially as a host-
defense molecule and subsequently was co-opted by the surfactant system to serve additional
functions or vice versa remains an interesting one. Furthermore, the questions of whether the
two human genes exhibit divergent functions and/or whether these are subject to differential
regulation continue to be under active investigation. Below we provide an update of the genetic
complexity of the human SP-A locus and review the functional differences between the two
human genes.

Il. GENETIC COMPLEXITY OF HUMAN SP-A

A. Genomic Locus

The genomic locus of human SP-A consists of two functional genes, SFTPA1 (or SP-A1) and
SFTPA2 (or SP-A2), as well as a pseudogene.?! This locus is located on the long arm of
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chromosome 1022 and the two functional genes are in opposite transcriptional orientation.21
The NCBI GenBank database, last reviewed May 14, 2008, shows that there are two genetic
loci for each SP-Al (SFTPA1, SFTPALB)
(http://ncbi.nlm.nih.gov/projects/mapview/map_search.cgi?
taxid=9606&build=current&advsrch=off&query=sftpal) and SP-A2 (SFTPA2, SFTPA2B)
(http://ncbi.nlm.nih.gov/projects/mapview/map_search.cgi?
taxid=9606&build=current&advsrch=off&query=sftpa2) gene. However, the private genome
database assembled by Celera indicates that each SP-Al and SP-A2 is a single copy gene, and
each is located between 74,655 kb and 74,600 kb (SP-A1) and between 74,600 kb and 74,606
kb (SP-A2) of chromosome 10
(http://www.ncbi.nlm.nih.gov/projects/mapview/map_search.cgi?
taxid=9606&query=sftpal&qchr=10&strain=Celera)
(http://www.ncbi.nlm.nih.gov/projects/mapview/map_search.cgi?
taxid=9606&query=sftpa2&qchr=10&strain=Celera). The Celera data of a single gene copy
are consistent with previously published information.?1-24 Moreover, analysis of the NCBI
GenBank SP-A data indicates that both copies of each gene are nearly identical. For SP-A2,
with the exception of a single nucleotide difference within intron I, no nucleotide differences
are observed between the two copies of SP-A2 in a 4.5-kb genomic sequence. For SP-Al, with
the exception of a single base difference in 3'UTR, no nucleotide differences are observed
between the two SP-A1 copies. Also, the sequence of an about 3.8-kb region located between
SP-A1 and the pseudogene is identical between the two corresponding sets of copies. This
sequence identity between the two copies of each SP-A gene is difficult to explain (if correct),
because it stands in contrast to all available relevant information indicating an extensive genetic
variability among intragenic haplotypes (or variants) of each human SP-A gene (discussed
below). Furthermore, the fact that the Celera genome database indicates that the human SP-
A1 and SP-A2 genes are each a single copy (consistent with previous information),21-24 the
possibility of an erroneous duplication in the NCBI database cannot be excluded at this point.
The SP-A1 and SP-A2 intragenic haplotypes or variants (see below) of the NCBI database are
6A3 (SP-A1) and 1A0 (SP-A2), and those of the Celera database are 6A3 (SP-A1) and 1A2
(SP-A2), indicating that different genomic samples were used in the NCBI and Celera
databases. The 6A%/1A0 intergenic haplotype has been observed previously,2® and both
intergenic haplotypes 6A3/1A0 and 6A%/1A2 have been found in higher frequency in African
Americans and Nigerians.26

Although all mammalian species studied to date have been shown to contain a single copy
gene, except from primates onward where a gene duplication occurred giving rise to SP-Al
and SP-A2 genes, a recent report?3 revealed additional SP-A sequences in some species. A
phylogenetic analysis in which amino acid alignment of the surfactant proteins in birds and
mammals was carried out, showed, in addition to providing strong support for the SP-A gene
duplication in primates, the opossum genome to have three genes (SP-A1, SP-A2, SP-A3) and
the chicken genome to have an SP-A and an SP-A-like gene.

B. Genetic and Splice Variants

As described above, the human SP-A locus consists of two functional genes, SP-Al and SP-
A2, and a pseudogene. On the basis of coding sequence differences, more than 30 variants or
intragenic haplotypes2’~29 have been collectively characterized, in part or fully, for the two
human SP-A genes. Of these (Fig. 2A), four SP-A1 (6A, 6A2, 6A3, 6A%) and six SP-A2 variants
(1A, 1A% 1AL 1A2 1A3, 1A®) have been observed in higher frequency of > 0.01 in the general
population.2”:30 |n addition to these coding sequence variants, nucleotide29:31:32 and/or
splice28:33 differences within regulatory 3’ and 5’ untranslated regions (3' UTR and 5’ UTR)
between the SP-A1 and SP-A2 genes and/or variants have been identified and studied.
Regarding splice variants, a number of untranslated exons (A, B, B’, C, C’, D, D’) have been
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characterized that splice in different configurations to give rise to several 5' UTR splice variants
(reviewed in Ref. 29). For SP-A1, the most frequently observed variant is the AD’, and for SP-
A2, the ABD’ and ABD. SP-Al and SP-A2 5’ UTR splice variants were recently shown to
differentially affect mRNA stability and translation.33

C. Transcription Start Site

Differences between the transcription start sites of SP-Al and SP-A2 have been described.
Two groups have independently discovered alternative transcription start sites in human SP-
Al and SP-A2, and the results from both reports were obtained using primer extension.28:34
For hSP-A2 transcripts, acommon transcript start site with an 5-AACTTGGAGG -3' terminal
sequence was described.28:34 For SP-A1 transcripts, three start sites?8 and two start sites3
were described. One of these transcript species was found in greater frequency in one of the
studies®* and with no significant differences observed in the frequency of the 3 start sites in
the other study.28 One study analyzed 100 positive clones,34 and the other analyzed 130 positive
clones (87 SP-A2 and 43 SP-A1).28 The apparent discrepancy between the two reports about
the SP-AL transcription start sites may be due to variations in the individual samples from
which the total lung RNA was prepared, the limited number of tested clones that may have
precluded detection of less frequently observed transcripts in the particular sample, or due in
part to both of these possibilities.

lll. SP-A PROTEIN CHARACTERISTICS

Prior to 1988,3% SP-A was known by a variety of names, including glycoprotein, alveolyn,
surfactant apoprotein, pulmonary surfactant-associated protein or PSAP, pulmonary surfactant
protein A or PSP-A,36-43 as well as other variations of the above. SP-A is assembled as an
octodecamer, consisting of six trimer subunits. Although it has been proposed that each trimer
in humans is a heterotrimer consisting of two SP-A1 and one SP-A2 molecules,* recent
evidence of in vitro™5-52 and in vivo®3-expressed SP-A variants indicate that homotrimers or
homo-oligomers exist and/or that these are functional.

A. Structural Domains

SP-A, a member of the C-type collectin family, in addition to containing a signal peptide,
consists of four domains, the N-terminal sequence, the collagen-like (G-X-Y) domain, the neck
region, and the carbohydrate recognition domain (CRD) (reviewed in Refs. 20: 54) (Fig. 2B).
The numbering of the amino acid positions in human SP-A in the present review is that of the
precursor protein molecule (i.e., it includes the signal peptide sequence). For convenience, in
most cases, the amino acid number of the precursor and that of the mature SP-A are shown.
This cautionary note is made because the signal peptide in human (unlike in other species) can
be 18, 19, or 20 amino acids long,*® which could make numbering amino acid positions rather
complicated, if based on the sequence of the mature human SP-A. Therefore, in reviewing the
literature caution should be exercised because there may be a difference in amino acid position
by a factor of 20. For example, a key amino acid at position 85 (see below) may also be
described as being located at position 65.

The most conservative of the four domains of SP-A is the neck and N-terminal regions. Amino
acid differences that distinguish between SP-A1 and SP-A2 variants2® are located in the
collagenlike domain (reviewed in Ref. 20). However, nucleotide differences that do or do not
change the encoded amino acid among SP-A1 or SP-A2 variants are located within the
sequence for the signal peptide, collagen-like region, and CRD.20 The collagen-like domain
contains 23 GXY triplets and a sequence irregularity (PCPP) between triplets 13 and 14.52:
55 A difference in triplet 18 (GEC for SP-A1 and GER for SP-A2) is postulated to contribute
to differences in local structural stability between the two gene products.>2 The human SP-
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Al gene, as well as that in chimp and baboon, has an extra cysteine at position 85 (which is
part of triplet 18 (GEC)) of the SP-A protein precursor. This extra Cys-85 may generate
additional intermolecular disulfide bonds, and it can therefore influence the biochemical
properties and/or biological function of SP-A1.5% Moreover, as noted above, the signal peptide
can be cleaved at different amino acid locations, thereby generating three different N-termini
in humans.4® Some of these N-terminal variants contain a cysteine. It is postulated that this
cysteine plays a role in disulfide bond formation, and that by means of this, it may contribute
to the oligomer structure of SP-A.4? The mechanism involved in this differential signal peptide
cleavage, or the factors that may influence this process, are currently unknown. Moreover,
Cys-26 (precursor or Cys-6 in mature protein) in the N-terminal sequence has been shown to
be involved in the supratrimeric assembly of SP-A.56 When this cysteine was mutated to a
serine, only SP-A trimers were detected. This mutated SP-A was more susceptible to trypsin
degradation and exhibited reduced thermal stability in the collagen domain, but no changes
were observed in its ability to modulate TNF-a production. The CRD consists of 115 amino
acids, including four cysteines that are conserved from birds to mammals. These four cysteines
within the CRD can form two pairs of disulfide bonds, which play a critical role in formation
and stability of the SP-A conformation. Important amino acids in this domain that may
contribute to its structure are discussed below.

B. Crystal Structure Analysis

Information from the crystal structure study of a recombinant rat SP-A fragment containing
the neck and CRD®” revealed that the two domains are oriented virtually perpendicular to one
another (“T”) and that this is primarily due to major intermolecular contacts between the two
domains. In one case, Phe-228 (or phe-228+20 precursor) from one monomer makes contact
with His-96 (or His-96+20 precursor) and GIn-100 (or GIn-100+20 precursor) of another
monomer via the formation of a salt bridge and H-bond, respectively. These 3 residues are
conserved in mammalian SP-A sequences, including all SP-Al and SP-A2 variants, indicating
that no differences in structure among various SP-As are expected to occur by means of these
contacts.

A number of other amino acids were identified as important by analysis of the crystal structure,
including those that form Ca2*-binding sites (Glu-195, Arg-197, Asn-214, and Asp-215 mature
SP-A; the position of these amino acids in the SP-A precursor are the numbers indicated plus
20). These amino acids are the same in human SP-A1l and SP-A2, except for Arg-197 (+20
precursor), which is Ala in both human sequences. This change is not expected to alter the
Ca?*-binding ability of the molecule.5” The rat SP-A amino acids shown by crystal structure
analysis to play a role in SP-A structure are shown, along with the human SP-A1l and SP-A2
sequences, in Figure 3. Although out of the 34 amino acids identified as being important, only
6 differ between the rat and human neck and CRD, and the amino acids at these 6 locations do
not differ between SP-Al and SP-A2.

In summary, the available crystal structure information of the neck and CRD does not reveal
any differences between SP-A1 and SP-A2 that may explain their observed functional
differences (see below).

C. SP-A1 and SP-A2 Protein Content in Lung Health and Disease

Although differences in SP-A1 and SP-A2 basal MRNA levels and in response to various
hormones and to dexamethasone, in particular, have been observed in several studies,32:58-62
it has been challenging to determine if these MRNA differences reflect differences in the protein
content of SP-A1, SP-A2, or both. Changes in total SP-A protein content, without distinction
between SP-A1l and SP-A2 content or SP-A genotype among individuals, have been observed
in several lung diseases!®:63-65 or in physiological changes of lung activity.®8 Determining
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gene-specific protein content in lung health and disease is very important, given the functional
differences observed between the two human SP-A genes (see below). However, it has been
difficult to do this due to the lack of necessary reagents. The two gene products are not only
very similar in their amino acid sequence but the amino acid sequences that distinguish them
are located within the collagen-like domain of the molecule. The difficulty in generating gene-
specific antibodies (our unpublished observations) raises the possibility that the gene-specific
residues within the triple helical collagen-like domain are not very accessible for antibody
generation. However, with some recent success in generating an SP-A1-specific antibody (Ab),
67 some interesting observations began to surface. Differences in the ratio of SP-A1 to total
SP-A content in bronchoalveolar lavage fluids were observed as a function of age among
healthy individuals as well as among individuals with various lung diseases. Although this SP-
Al Ab is a valuable reagent,®8 the affinity of the SP-A1 Ab differs considerably from that of
the SP-A Ab that recognizes both gene products,5” and it should therefore be used only as a
tool to gain insight into ratios of SP-A1 to total SP-A under various conditions and not as an
indicator of the SP-A1 protein concentration.

Whether and how the genetic and structural differences observed between SP-Al and SP-A2
affect the function of SP-A1 and SP-AZ2 is not well understood. Below we discuss the available
information on functional differences between SP-A1l and SP-A2 variants.

IV. QUALITATIVE DIFFERENCES BETWEEN SP-A1 AND SP-A2 AND/OR
AMONG THEIR RESPECTIVE VARIANTS

A. Functional Differences

Qualitative differences between SP-Al and SP-A2 in vitro—expressed variants include
differences (see Table 1) in their ability to enhance phagocytosis by alveolar macrophages,
47,89 enhance production of proinflammatory cytokines (TNF-o and IL-8) by macrophage-like
THP-1 cells,*>:46:70 and inhibit surfactant secretion by epithelial type 11 cells.#? Differences
in their aggregation, structural stability, and oligomerization properties?9:52:71,72: their sugar-
binding characteristics’3; and in their ability to form phospholipids monolayers*® have also
been observed. In most of these assays, SP-A2 (regardless of the specific SP-A2 variant used
in the assay) was shown to be more active than SP-Al indicating that some fundamental
differences may exist between SP-Al and SP-A2. Moreover, the ability of SP-A2 to bind with
higher affinity to a wider variety of sugars than SP-A173 indicates that the structural pattern
or other attributes of SP-A2 make it more favorable for more diverse carbohydrate binding.
Similar observations with regard to oligomerization patterns have been made with in vivo—
expressed SP-A1 and SP-A2 variants in humanized transgenic mice.>® These in vivo
experiments also showed that both SP-A1 and SP-A2 gene products are necessary for the
formation of the extracellular structural form of surfactant, the tubular myelin (TM). The
inability of either SP-Al or SP-A2 alone to form TM and the need of both for formation is
perhaps the first example of complete functional divergence of the two SP-A genes. The
importance of TM has not yet been deciphered. TM has been detected in all species studied,
regardless of whether these have a single gene copy (i.e., rodents) or two copies (i.e., humans)
and has been shown in vitro to require, the presence of SP-A, SP-B, and simple lipid mixtures
(dipalmitoylphosphatidylcholine and phosphatidylglycerol).”*:7> Moreover, ozone-induced
oxidation reduced the activity of SP-A1 and SP-A2.46:49,51,70 An inverse correlation was
observed between ozone-induced oxidation or in vivo oxidation of SP-A and its ability to
enhance phagocytosis by alveolar macrophages.®! SP-A2, albeit more active, may be more
susceptible to oxidation.4?:51 In summary, although it was noted initially that the trimeric form
of the mature SP-A protein consists of two SP-A1 molecules and one SP-A2, the available data
indicate that in vitro— or in vivo—expressed single gene products are functional, although with
some functional and structural differences between the two gene products.
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B. Post-translational Modifications and Function

Although post-translational modifications positively affect SP-A function (i.e., phagocytosis,
inhibition of surfactant secretion, cytokine production), they are not responsible for the
observed differences between SP-Al and SP-A2 because these differences are maintained
regardless of the presence??:69 or absence>-47:49:52 of post-translational modifications. For
example, both insect cell-derived*’ and mammalian (CHO) cell-derived®® SP-A2 variants
enhanced bacterial phagocytosis by either rat47:69 or human®® alveolar macrophages at higher
levels than SP-A1, although a considerably higher protein concentration was required for the
insect cell-expressed proteins. On the basis of the above observations, the “core” gene-specific
amino acid differences between the two genes located within the collagen-like domain are
likely to be responsible for such differences. These may differentially affect function either
directly or indirectly (i.e., by affecting structure). But, if post-translational modifications are
the binding sites of ligands, as is the case in the inhibition of the hemagglutination activity of
influenza virus, insect cell-expressed SP-As exhibited no activity, and mammalian-
expressed SP-As, although active, showed no gene-specific differences.>? The functional
activity of SP-Al and SP-A2 with respect to IAV appears to depend principally on the type of
sialic acid linkage and not on sequence or oligomerization patterns of SP-A1 and SP-A2.

C. Amino Acid Differences and Structure/Function

Amino acids identified as being important in SP-A structure through the crystal structure
analysis of an SP-A fragment consisting of the neck and CRD are similar between SP-Al and
SP-A2, and, therefore, the residues in neck and CRD are not expected to contribute to structural
or functional differences between the two hSP-A genes. Therefore, the observed functional
differences between SP-A1 and SP-AZ2 are likely due to direct and/or indirect influences of the
core amino acid differences within the collagen-like region that distinguish the two genes and
their respective variants. One of the key differences between SP-Al and SP-A2 is amino acid
85 (precursor numbering), where SP-A1 has a cysteine (Cys-85) and SP-A2 has an arginine
(Arg-85). The additional Cys-85 in SP-A1 may be involved in the formation of an SP-A
intertrimeric or intratrimeric disulfide bond and account, in part, for the observed
oligomerization pattern differences between SP-A1 and SP-A2 variants.*® These, in turn, may
account for the observed SP-Al and SP-A2 functional differences. In fact, a substitution of
Arg-85 to Cys-85 in SP-A2 resulted in a functional activity similar to that observed in SP-A1,
and a substitution of Cys-85 to Arg-85 in SP-A1 changed its activity to one similar to that of
SP-A2.55 Alternatively, the Cys-85/Arg-85 residue may alter the stability of SP-Al and SP-
A252: structural differences, in turn, may have an impact on the functional capabilities not only
of the collagen-like region where amino acid 85 resides but also of the CRD region. In
summary, the available information supports the notion that differences within the collagen-
like domain play a fundamental role in the observed functional differences between SP-Al and
SP-A2 most likely by affecting the structure and subsequently the function of the two SP-A
gene products.

D. Differences among Gene-Specific Variants

Differences among SP-A1 or SP-A2 variants have been observed. These include differences
(1) in the ability of insect cell-expressed*® SP-A2 variants (1A2 vs 1A or 1A% or mammalian
cell-expressed’0 SP-A1 variants (6A* vs 6A or 6A2) to enhance TNF-a production by a
macrophage-like cell line; (2) in the ability of insect cell-expressed*’ SP-A1 (6AZ2, 6A%) and
SP-A2 (1A, 1A%), or mammalian cell-expressed® SP-A1 (6A2, 6A%) and SP-A2 (1A0, 1Al
to enhance phagocytosis by alveolar macrophages; (3) in the ability of insect cell-
expressed® SP-A1 (6A2, 6A%) and SP-A2 (1A%, 1A2) to aggregate LPS. The differences among
SP-Al or SP-A2 variants may be due entirely or in part to differences other than the “core”
amino acids that distinguish the two gene products. For example, a single amino acid difference
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(Arg-219/Trp-219) in truncated SP-A1 variants (6A2 and 6A%) altered the behavior of these
two molecules.’?

However, if post-translational modifications are partial, the function between two gene-
specific variants may differ compared to that of the same variants but with complete post-
translational modification. For example, for the insect cell-expressed SP-A1 variants, the
ability to enhance phagocytosis was higher for the 6A* (6A% > 6A2) variant,*’ whereas for the
mammalian cell-expressed SP-AL1, the activity was higher for the 6A2 variant (6A2 > 6A%).
69 This may indicate that post-translational modifications are critical for the function of the
6A2 SP-A variant, and that in addition to sequence-dependent differences between variants,
post-translational modifications may contribute to variant functional differences.

Of interest, although differences may exist among SP-A1 variants, SP-A2 gene-specific
variants as noted above, were uniformly more active than SP-Al in most of the activities
investigated. However, in spite of recent advances, the nature or mechanisms responsible for
the functional differences among variants of a given SP-A gene (1 or 2) are not well understood.

V. COMMENTS AND FUTURE DIRECTIONS

Although there is evidence that the human SP-A complexity is associated with differences in
function and structure of SP-Al and SP-A2, there is much to be learned about the mechanisms
by which these occur. Humanized transgenic mice may provide good in vivo models to study
functional differences between SP-A1 and SP-A2 under normal and perturbed conditions. Each
of these mice contains a different human SP-A variant®3 (the mouse SP-A gene is ablated) and,
as such, may also provide the opportunity to gain insight into the basis of individual variability
to disease susceptibility in response to a number of injurious agents. Mice carrying different
SP-A variants could be studied by means of discovery proteomics, genomics, or other
approaches to identify, for example, differential responses to environmental pollutants and/or
infectious agents of one mouse type from another. Moreover, attempts to understand the
structure of hSP-A1 and hSP-A2 from an evolutionary point of view could be another future
endeavor.

We speculate that, given the differences in function between SP-A1 and SP-A2 and/or among
gene-specific variants, the overall SP-A functional activity in the lung depends on the relative
levels or the ratio of SP-Al to SP-AZ2 rather than the total SP-A content (i.e., without regard
to the SP-A1 and SP-A2 proportions), the status of each SP-A molecule (i.e., whether this is
devoid of harmful modifications such as oxidation), and/or the genotype. We further speculate
that a derangement in the regulation of SP-A1l or SP-A2 gene expression could result in an
“inadequate” (or “unfavorable”) SP-Al to SP-A2 ratio for normal host defense, and that this
putative functional compromise contributes to lung disease severity.
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Diagrammatic presentation of some of the major functions of SP-A (reviewed in Refs. 2: 6: 7,
9,11, 13, 15-18) Examples of SP-A involvement in innate immunity, including its function in
uptake and clearance of pathogens (bacteria, viruses), production of oxygen radicals, killing
of bacteria, and inhibition of IAV infection; in inflammation, including its ability to modulate
proinflammatory cytokine production and other anti-inflammatory processes; in adaptive
immunity, including its ability to modulate dendritic cell maturation and T-cell proliferation;
in surfactant structure and homeostasis, including its role in tubular myelin formation, and its
ability to inhibit surfactant secretion; and in other functions, including its ability to clear
apoptotic cells, modulate allergic reactions, and serve as a hormone in parturition.
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FIGURE 2.

Schematic presentation of the human SP-A locus and the protein domains and genetic variations
of SP-A. Panel A depicts the organization of the human SP-A locus (SP-A2, pseudogene [P],
and SP-A1), the transcriptional orientation (arrow) of each gene, and the corresponding, more
frequently observed coding variants below each gene. Panel B depicts the various protein
domains of SP-A and the position of each of the 10 collective amino acid differences among
the human SP-A variants (reviewed in Ref. 20). The number above the structure shows the
numbers of the last amino acid of the SP-A precursor where the preceding domain ends. *
denotes that the signal peptide could be 18, 19, or 20 amino acids. The number below the
structure indicates the amino acid number of the SP-A precursor. Solid-line arrows denote the
gene-specific differences that distinguish all SP-A1 variants from the SP-A2 variants. The
dotted-line arrows show differences among variants of either gene.
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FIGURE 3.

Sequence alignment of neck and CRD of SP-A. The rat sequence of the neck and CRD region
was expressed and used for crystal growth and analysis.>’ The alignment of the 3 neck and
CRD sequences shown consists of the rSP-A (top sequence), the hSP-A1 (middle), and the SP-
A2 (bottom). The numbers on top indicate the amino acid residues of the SP-A precursor. The
crystal structure analysis identified 34 residues as being important for SP-A structure. The
shaded amino acid residues (n = 28) identify those amino acids out of the 34 significant ones
that are identical among the 3 sequences. The 6 circled residues indicate important amino acids
(as assessed by crystal structure analysis) that differ between the rat sequence and the 2 human
sequences. In all these 6 amino acids, hSP-Al and hSP-A2 are identical. Other amino acid
differences between rat and human sequences (not identified as important by crystal structure
analysis) are shown with a box around the human sequences.
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Differences in

fcytokine (TNF-a)

Tcytokine (TNF-o, IL-8)

Structure within the collagen domain

Self-aggregation and LPS and phospholipid
aggregation

Oligomerization patterns
Carbohydrate-binding characteristics

fcytokine (TNF-, 1L-8)

Oligomerization patterns

FInhibition of ATP-stimulated
phosphatidlycholine

Oligomerization patterns
$Phagocytosis of P. aeruginosa
$Phagocytosis of P. aeruginosa

#Phagocytosis of P. aeruginosa

Re-LPS aggregation and bacterial P.
aeruginosa aggregation

$Phagocytosis of P. aeruginosa

Oligomerization patterns

The characteristics of phospholipid monolayers
containing SP-B

Susceptibility to trypsin degradation

Self-aggregation and LPS and phospholipid
aggregation

Oligomerization patterns

Inhibition of hemaglutination activity of
Influenza A

Inhibition of hemaglutination activity of
Influenza A

$Phagocytosis of P. aeruginosa

4structure of surfactant

40ligomerization patterns

Activity

Higher for SP-A2 (1A, 1A9, 1A1, 1A?) than SP-A1 (6A, 6A2, 6A4)*
Higher for SP-A2 (1A, 1A%, 1A1) than SP-A1 (6A, 6A2, 6A%)™™
SP-A2 (1A2) more stable than SP-AL (6A2, 6A%)*

Greater for SP-A2 (1A2, 1A1) than SP-A1 (6A2, 6A%)™

SP-A2 (1A2) and SP-A1 (6A2) differ in their oligomer pattern™

SP-A2 (1AY) exhibits higher affinity to a wider variety of sugars than SP-A1 (6A2)

Higher for SP-A2 (1A, 1A°) than SP-AL (6A2, 6A%)”

SP-A2 (1A, 1A% and SP-A1 (6A2, 6A%) differ in their oligomer pattern™

Higher for SP-A2 (1A) than SP-A2 (6A%)" or ™™

Higher order oligomers for SP-AL (6A, 6A2) than SP-A2 (1A, 1A%, 1A1)™™

Higher for SP-A2 (1A, 1A% than SP-A1 (6A2, 6A%)*
Higher for SP-A2 (1A%, 1A%) than SP-A2 (6A2, 6A%)™™
Higher for SP-A2 (1A% than SP-A2 (6A2)™*

Higher for SP-A2 (1A) than SP-Al (6A)™

)**

Higher for SP-A2 (1A%) than SP-A1 (6A2

Higher size oligomers for SP-AL (6A2) than SP-A2 (1A%)™™*

SP-A2 (1A% and SP-A2 (6A2) differ in monolayer characteristics™

SP-A more resistant than SP-A2”

Higher for SP-A2 than sP-AL*

SP-A1 and SP-A2 differ in their oligomer pattern*

No differences between SP-A2 (1A%) and SP-A1 (6A2)™™

No activity for SP-A2 (1A% and SP-AL (6A%)”

Higher activity for SP-A2 (1A°) than SP-A1 (6A%) ™ *Higher activity for SP-A2 (1A)

than SP-A1 (6A%)”

Both SP-A1 (6A%) and SP-A2 (1A3) gene products are needed for the formation

of tubular myelin

SP-A1 (6A%) AND SP-A2 (1A3) differ in their oligomer pattern

Refs.
45

70
52
52

52
73
46
46
49

49
47
69
69
55

55
55
48

72
72

72
50

50

51

53

Note:

TProduction by a macrophage-like cell line THP-1

¢production by alveolar type Il cells

*

insect-expressed variants
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*x
mammalian-expressed variants

$by alveolar rat macrophages
#by human alveolar macrophages.

A . . - . N . /=
This is an in vivo study of humanized transgenic mice generated in the SP-A = mouse background.
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