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Surfactant protein A (SP-A) plays a role in lung innate immu-
nity and surfactant-related functions. Two functional genes,
SP-A1 (SFTPA1) and SP-A2 (SFTPA2), are present in humans
and primates (rodents have one gene). Single gene SP-A1 or
SP-A2 proteins expressed in vitro are functional. To study their
role in vivo, we generatedhumanized transgenic (hTG)C57BL/6
mice, SP-A1(6A4) and SP-A2(1A3). The SP-A cDNA in experi-
mental constructs was driven by the 3.7-kb SP-C promoter. Pos-
itive hTGmicewere bredwith SP-A knock-outmice to generate
F8 offspring for study. Epithelial alveolar type II cells were SP-
A-positive, andClara cells were negative by immunohistochem-
istry in hTG mice. The levels of SP-A in lungs of two hTG lines
usedwere comparablewith those in human lungs. Southern blot
analysis indicated that two cDNAcopies of either SP-A1(6A4) or
SP-A2(1A3) were integrated as a concatemer into the genome of
each of the two hTG lines. Electron microscopy analysis
revealed that hTGmice with a single SP-A1(6A4) or SP-A2(1A3)
gene product lacked tubular myelin (TM), but hTG mice carry-
ing both had TM. Furthermore, TM was observed in human
bronchoalveolar lavage fluid only if both SP-A1 and SP-A2 gene
products were present and not in those containing primarily
(>99.7%) either SP-A1 or SP-A2 gene products. In vivo rescue
study confirmed that TM can only be restored after administer-
ing exogenous SP-A containing both SP-A1 and SP-A2 into the
lungs of SP-A knock-out mice. These observations indicate that
SP-A1 and SP-A2 diverged functionally at least in terms of TM
formation.

Surfactant protein A (SP-A),2 a member of the C-type lectin
protein family, plays an important role in the innate host
defense and surfactant-related functions (1, 2). SP-A knock-out
(KO) mice, either in the NIH Swiss black strain (3, 4) or in the
C57BL/6 background (5, 6), have shown altered surfactant

structure and function. Thesemice exhibited a phenotype defi-
cient in the formation of the extracellular structural form of
surfactant, the tubular myelin (TM) (3, 4), as well as increased
susceptibility to infection by a variety of pathogens (6–10) and
to environmental pollutant factors, such as ozone (11, 12).
These findings indicate that SP-A plays a critical role in sur-
factant structure, and in the first line of host defense in the lung.
The human SP-A (hSP-A) locus consists of two functional

genes, SFTPA1 (SP-A1) and SFTPA2 (SP-A2), and a pseudo-
gene. Each of the functional genes has been shown to have sev-
eral genetic variants (i.e. SP-A1 (6A, 6A2, 6A3, and 6A4) and
SP-A2 (1A, 1A0, 1A1, 1A2, 1A3, and 1A5)); these are observed at
greater than 1% frequency in the population (13). Human SP-A
is expressed in alveolar epithelial type II cells (14) and in tra-
cheal and bronchial submucosal gland cells in lung as well as in
other tissues (15–18). SP-A1 and SP-A2 are expressed in the
type II cells; SP-A2 is expressed in human tracheal and bron-
chial submucosal gland cells (15, 18). The presence of SP-A in
nonciliated bronchiolar epithelial cells has been inconsistent
for human lungs (14, 19, 20), but consistent positive staining of
SP-A has been observed in the nonciliated bronchiolar epithe-
lial cells in rodents (21, 22). Although a 2:1 ratio of SP-A1 to
SP-A2 was suggested in a model of SP-A oligomerization by
Voss et al. (23), experimental data have indicated a range
beyond the proposed 2:1 ratio at the mRNA (24) and protein
levels (25). The latter showed that the ratio of SP-A1 to total
SP-A in bronchoalveolar lavage (BAL) fluid varies as a function
of age and health status of the lung (25).
Studies with SP-A1 and SP-A2 variants from in vitro ex-

pressed cell systems have demonstrated functional differ-
ences between SP-A1 and SP-A2, with SP-A2 variants exhib-
iting higher activity than SP-A1 variants in numerous assays.
These include differences in their ability to stimulate THP-1
cells to produce TNF-� (26–28), inhibit surfactant secretion
(29), enhance bacterial phagocytosis by rat and human alve-
olar macrophages (30–32), and bind carbohydrates (33). The
pattern of oligomerization also differs between SP-A1 and
SP-A2; oligomers of SP-A1 variants were identified with
higher sizes comparedwith those of SP-A2under non-reducing
conditions (29, 34). One major contributor to the differences
observed appears to be amino acid 85 present in the collagen-
like domain, where SP-A1 has a cysteine and SP-A2 has an
arginine. Site-directed mutagenesis experiments (35) revealed
that replacement of the Cys85 of SP-A1 with arginine or the
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Arg85 of SP-A2 with cysteine was sufficient to reverse the pat-
tern of SP-A oligomerization and the functional activity of both
mutants of SP-A1 and SP-A2 (35). Differences have been
observed between SP-A1 and SP-A2 in their ability to induce
phospholipid aggregation (34) aswell as in the characteristics of
phospholipidmonolayers with surfactant protein B (SP-B) (36).
The latter indicates that differencesmay exist in the interaction
of SP-B and human SP-A variants.
In vitro studies indicated that SP-A is an essential component

for the formation of a surfactant-specific lattice-like structure,
named tubularmyelin (TM) (37, 38). Throughmixing SP-A and
lipids in the presence of SP-B, a lattice-like TM structure could
be produced, and the structure and dimensions of TM were
similar to those of natural TM found in pulmonary alveoli (37).
The role of SP-A in TM formation could not be replaced by
other surfactant protein, such as SP-D or SP-C (37–39). Fur-
thermore, two distinct SP-A populations (APP I and APP II)
from BAL of a patient with alveolar proteinosis were separated
by gel filtration chromatography (40). The APP I and APP II
consisted primarily of multimeric and octadecameric forms,
respectively, and exhibited distinct effects in the in vitro forma-
tion of TMwith lipids (APP II fraction formed TMbut not APP
I) (41), indicating that a certain oligomeric form of SP-A is
required for a lattice-like TM structure. SP-A was found to be
localized at the corners of the TM lattice (42). Although the
physiological importance of TM is not clear under either health
or disease, an increase of TM-associated SP-A was recently
observed to correlatewith improved lung preservation in ische-
mia/reperfusion lung injury (43). However, until the present
study, it was unknown whether either SP-A1 or SP-A2 or both
are necessary for TM formation.
Humanizedmouse techniques have provided a powerful tool

in the study of many human biological processes and in the
preclinical testing (44, 45). Humanized mice include two types
ofmice: 1) immunodeficientmice engraftedwith humanhema-
topoietic cells and tissues and 2) mice that transgenically
express human gene(s) (i.e. humanized transgenic (hTG) mice)
(44). hTG mouse models have helped overcome a severe limi-
tation of the study of human biology in vivo. By means of the
hTG mouse method, physiological and pathological functions
of human genetic gene/variants (alleles) could be investigated
in complex biological processes, so that in vivo difference (even
subtle) on phenotypes caused by the transgenic gene/allele can
be elucidated (46–48). Thus, hTGmice may be an ideal in vivo
system to study biologically functional differences of human
SP-A1 and SP-A2.
SP-A KO mice have been generated by two independent

groups, either in the NIH Swiss black strain (3) or in the
C57BL/6 background (5, 6). These SP-A KO mice have been
used for investigation of overexpressing the rat SP-A gene (49)
and truncated rat SP-A (4). Information from these studies
indicated that the collagen-like domain of rat SP-A is required
for the correction of structural and functional defects of surfac-
tant in the SP-A KOmouse (4). Collectively, these studies have
provided both the technical and biological basis for generating
hTG SP-A1 and SP-A2 mice described in the present study.
In the present study, we investigated the hypothesis that

human SP-A1 and SP-A2 exhibit differences in their biological

effects in vivo with emphasis on surfactant structure. Toward
this goal, we first generated humanized TG in the wild-type
(WT) background of the C57BL/6 and then backcrossed these
with the SP-A KOC57BL/6 mice to obtain mice that were neg-
ative for mouse SP-A, and each was positive for the human
SP-A1(6A4) or SP-A2(1A3) cDNA or positive for both human
SP-A1(6A4) and SP-A2(1A3). These hTGmice were character-
ized with regard to the copy number of the transgene, expres-
sion of the transgene SP-A1 or SP-A2, oligomerization of
SP-A1 andSP-A2 in vivo, and functional effects of the transgene
with regard to their role in the tubular myelin (TM) formation.
Furthermore, by studying surfactant large aggregates from
human BAL fluid, we confirmed a novel observation regarding
TM formation via the study of this humanized transgenic
mouse model.

MATERIALS AND METHODS

Mice and Animal Husbandry—Wild-type C57BL/6 mice
used in this study were purchased from the Jackson Laboratory
(Bar Harbor, ME). SP-A KO mice were kindly provided by Dr.
Samuel Hawgood (University of California, San Francisco) and
propagated in the animal core facility of the Pennsylvania State
University College of Medicine. These SP-A KO mice con-
tained the C57BL/6 background after a more than 10-genera-
tion backcross with C57BL/6, although the original SP-A KO
founder was created with F1 BL6/129Sv embryonic stem cells
(5, 6). hTG SP-A1 and SP-A2 mice generated in the present
study were on the SP-A KO C57BL/6 background (see below).
Mice used in this study were handled using protocols approved
by the institutional animal care and use committee at the Penn-
sylvania State University College of Medicine. All mice were
maintained in bubble facilities under pathogen-free conditions
or barrier containment facilities.
Constructs for Generation of hTG SP-A1 and SP-A2Mice—A

5.4-kb DNA fragment shown in Fig. 1A was used for DNA
microinjection. This DNA fragment was excised from a recom-
binant plasmid with two restriction enzymes, NotI and NdeI,
and consisted of a 3.7-kb human SP-C promoter, 1.3-kb human
SP-A cDNA (i.e. either SP-A1(6A4) or SP-A2(1A3)), and a
0.4-kb SV40 small t-intron poly(A) sequence. In order to pre-
pare this recombinant construct, we used a basic 3.7-hSP-C/
SV40 vector, which was kindly provided by Drs. Stephan W.
Glasser and JeffreyA.Whitsett (Cincinnati Children’s Research
Foundation, Cincinnati, OH) (50). It has been demonstrated
that the vector could drive alveolar type II cell-specific expres-
sion of the transgene in mice (4, 50–53). Because two restric-
tion enzyme sites (NotI and NdeI) were chosen to excise the
5.4-kb DNA fragment from the recombinant construct, the
restriction enzyme site of either NotI and NdeI in human SP-A
cDNA sequence had to be removed before the human SP-A
cDNA fragmentwas cloned into the vector. Thus, first, theNotI
site was eliminated in the coding region of hSP-A cDNA using
a site-directed mutagenesis (Stratagene, La Jolla, CA) with
primers 1244/1245, and thenwith primers 1246/1247, theNdeI
site of the hSP-A cDNA sequence was eliminated according to
a previous method (35). The primers used in this study are
shown in Table 1. These mutations only changed one nucleo-
tide at each site of either NotI or NdeI and did not change the

Humanized Transgenic SP-A1 and SP-A2 Mice

APRIL 16, 2010 • VOLUME 285 • NUMBER 16 JOURNAL OF BIOLOGICAL CHEMISTRY 11999



amino acid of hSP-A. Following site-directed mutagenesis, an
hSP-A cDNA fragment (1.3 kb), containing about 0.06 kb of
5�-UTR, 0.74 kb of SP-A coding region, and 0.5 kb of 3�-UTR,
was amplified through PCR with primers 1242/1243, and the
PCR products were then digested with SalI. The 1.3-kb hSP-A
cDNA fragment was cloned into 3.7SP-C/SV40 vector. Recom-
binant constructs were sequenced, and the orientation of
human SP-A cDNA was confirmed by DNA sequencing. The
processes of recombinant DNA were carried out according to
standard molecular cloning methods.
Generation of hTG Mice by Microinjection into Fertilized

Oocytes—The generation of hTGmice was carried out via con-
tractual agreement in the transgenic mouse facility of the Uni-
versity of California, Irvine. DNA was prepared for microinjec-
tion into fertilized oocytes as follows. A 5.4-kb DNA fragment
(see Fig. 1A) was excised from the construct with both restric-
tion enzymesNotI andNdeI. TheDNA fragment was subjected
to electrophoresis of lower melting agarose gel, and the appro-
priate DNA band at the gel was purified according to the pro-
tocol for DNA to be used for the generation of hTG mice. The
quality and quantity of DNA was examined by an agarose gel
and QC 2100 bioanalyzer method, and DNA was diluted to
20 ng/�l. Fertilized oocytes were prepared from wild-type
C57BL/6mice. The DNAwas directlymicroinjected into fertil-
ized C57BL/6 oocytes, and the injected oocytes were immedi-
ately delivered into the uterus ofWTC57BL/6mice. The trans-
genic status of the pups was determined by genotyping analysis
of DNA from mouse tails.
Genotyping Analysis of the Human Transgenes, hSP-A1(6A4)

and SP-A2(1A3), as Well as the Mouse SP-A Gene—For identi-
fication of positive hSP-A TG mice, genomic DNA was
extracted frommouse tail (about 0.6 cm) according to the pro-
tocol of the Qiagen DNeasy tissue kit (Qiagen, Valencia, CA).
The quality of the genomic DNA (5 �l) was assessed by the
pattern seen on 0.8% agarose gel electrophoresis. �DNA/Hin-
dIII digest was used as a molecular marker. Only high quality
genomic DNA was used further for genotyping. Several PCR
amplifications were performed with total genomic DNA and
appropriate primers (see Table 1), and the PCR products were
examined by 1 or 2% agarose gel electrophoresis to determine

whether the potential TGmice were positive or negative for the
transgene. For example, primer pair 1458/1459 was used to
screen transgenic mice for both SP-A1 and SP-A2, and primer
pairs 1433/292 and 1433/293were used to identify SP-A2(1A3)-
and SP-A1(6A4)-specific TG mice, respectively. The primers
used are shown in Table 1. A positive TGmouse had one DNA
band of PCR products of about 340 bp in a 2% agarose gel. For
the above three primer pairs, the PCR conditions were as fol-
lows: 1) 94 °C for 2 min; 2) 35 cycles at 94 °C for 30 s, 60 °C for
30 s, and 72 °C for 1min; and 3) the final extension step at 72 °C
for 7 min.
To examine whether intact 1.3-kb hSP-A cDNA was inte-

grated in the genome of potential transgenic mice, the primer
pair 1433/68 for PCR was utilized. This PCR product (about
1.35 kb) should contain the entire hSP-A cDNA as well as a
partial region of the human SP-C promoter. The conditions for
PCR amplificationwere as follows: 94 °C for 2min and 35 cycles
at 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 1.5 min and then
the final extension step at 72 °C for 7 min. Positive PCR results
indicated that the genome of the TGmouse contained an intact
hSP-A cDNA, and the 1.35-kb DNA PCR products were con-
firmed as hSP-A sequence by sequencing. The conditions for
the above PCR amplification were as follows. The 50-�l reac-
tion buffer contained 35.25 �l of distilled H2O, 2 �l of mouse
DNA, 1 �l of primer 1, and 1 �l of primer 2, 2.5 �l of PCR 10�
buffer 1, 2.5 �l of PCR 10� buffer 2, 5 �l of dNTP, and 0.75 �l
of Taq enzyme. Four controls were also included in every PCR
series: 1) DNA from the SP-A knock-out mouse, 2) DNA from
wild-type mouse, 3) recombinant plasmid DNA used for the
generation of the TG mice, 4) water as negative control (no
DNA).
Because TG founders were generated in the WT C57BL/6

background (i.e. mouse SP-A (�/�)), these TG founders and
their hSP-A positive offspring were backcrossed with SP-A KO
mice to generate a mouse background of SP-A KO. Therefore,
offspring from these backcrossing breeding have two types
of mouse SP-A background (i.e. mouse SP-A KO or heterozy-
gous mouse SP-A (�/�)). Two PCRs were used to identify
these two mouse backgrounds using different primer pairs at
the following conditions: 94 °C for 2 min; 33 cycles at 94 °C for

TABLE 1
Primers used in this study
Lowercase type in primers 1242 and 1243 indicates an additional sequence present in the given primers. This sequence is the recognition site of restriction enzyme SalI.
Underlined letters in primers 1244, 1245, 1246, and 1247 indicate the changed nucleotides compared with hSP-A cDNA sequences.

Primer Sequence (5� to 3�) Comments

1458 GGAGGGCCAGGAACAAACAGG Human SP-C promoter, sense
1459 CCAGGAGTGCCGGGGATACCAG Human SP-A exon I, antisense
1433 CACATATAAGACCCTGGTCACACCT Human SP-C promoter, sense
292 CCATTATTCCCAGGAGGACTAGGTG Human SP-A2 antisense at exon II
293 CCATCATTTCCAGGAGGACTAGGCA Human SP-A1 antisense at exon II
68 CAGGTCGACTGCCACAGAGACCTCAGAGT Human SP-A antisense at 3�-UTR
1549 CCTGTCTGGTAGCAAGTAGAGCT Mouse SP-A sense
1542 CCAGTGACATCGGGAGGAAATCC Mouse SP-A antisense
1280 GTGGGGTGGGATTAGATAAATGC Mouse SP-A for SP-A (�/�) KO mouse
1242 GGCCCGGGgtcgacTGGAGGCTCTGTGTGTGGG Human SP-A, sense with SalI site
1243 GGCCCGGGgtcgacTGCCACAGAGACCTCAGAGT Human SP-A, antisense with SalI site
1244 ATGTGCCAGAGCAGGAGGCCGCATTGCTGTC Human SP-A, sense with a mutated nucleotide
1245 GACAGCAATGCGGCCTCCTGCTCTGGCACAT Human SP-A, antisense with a mutated nucleotide
1246 GTGAAGAAGTACAACACCTATGCCTATGTAGGC Human SP-A, sense with a mutated nucleotide
1247 GCCTACATAGGCATAGGTGTTGTACTTCTTCAC Human SP-A, antisense with a mutated nucleotide
1634 CCTTGCCCCGTGCCTATGAG Human SP-C 5�-flanking region, antisense
1636 TGAGCAACTCTGGCCAAGCATAA Human SP-A 3�-UTR, sense
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30 s, 61 °C for 30 s, and 72 °C for 33 s; and then the final exten-
sion step at 72 °C for 5 min. Primer pairs a (1549/1542) and b
(1280/1542) were used for identification of SP-A (�/�) WT
mice and SP-A KO background, respectively. The SP-A (�/�)
wild-typemouse with primers 1549/1542 showed a band of 290
bp, the SP-A KO mouse had a 520 bp band, and the heterozy-
gous SP-A (�/�) mouse exhibited both bands of 290- and
520-bp PCR products.
Western Blot Analysis—To examine the level of SP-A1 and

SP-A2 expression in lung and other tissues of TG mice, lung
and other tissues from PCR-positive TG mice were homoge-
nized and analyzed by Western blot analysis. To determine
secreted hSP-A in the lung of the TG, the lungs were lavaged,
and hSP-A in the BAL fluid was detected byWestern blot anal-
ysis, using a specific SP-A antibody as described previously (29).
In brief, total protein (100 �g/lane) from lung tissues of TG
mice and SP-AKOmice as well as BAL protein (15 �g per lane)
from TG mice was subjected to gel electrophoresis (10% SDS-
PAGE or 4–20% gradient SDS-PAGE) under reducing condi-
tions. The protein in the gel was transferred onto polyvinyli-
dene difluoride membrane. SP-A was detected using a rabbit
antibody (IgG) to human SP-A at a 1:2000 dilution and then
goat anti-rabbit IgG (horseradish peroxidase-conjugated) anti-
body. The blot was exposed to XAR film following enhanced
chemiluminescent detection. Human SP-A protein from the
BAL of a patient with alveolar proteinosis was used as a positive
control in the immunoblotting assay. Endogenousmouse SP-B,
SP-C, and SP-D proteins were detected in the BAL fluid of hTG
mice (n � 3 for each type of hTG mice) and KO mice (n � 3)
using commercial SP-B, SP-C, and SP-D antibodies, respec-
tively (Santa Cruz Biotechnology, Inc., Santa Cruz, CA).
Lung Morphology and Immunohistochemistry with hSP-A

Antibody and SP-A1-specific Antibody—Lungs from 12-week-
old TGmice, SP-A1(6A4), SP-A2(1A3), and SP-A2/SP-A1(1A3/
6A4), were fixed at 25 cm of water pressure with Bouin’s solu-
tion (Sigma) for 24 h. For human lung fixation, Bouin’s solution
was first delivered into a lobe of human lung, and after 30 min,
the whole lobe of lung was transferred into a container with the
same fix solution for 24 h. Lung tissues were then transferred
into 70% ethanol solution and processed into paraffin blocks.
About 5-�m-thick sections were prepared from these blocks
with the fixed lung tissues and were stained with hematoxylin
and eosin. Immunohistochemical analysis using an ABC kit
(Vector Laboratories, Inc., Burlingame CA) was performed
with a rabbit polyclonal antibody (purified IgG) against human
SP-A protein or a chicken polyclonal antibody (purified IgY) to
SP-A1-specific peptides (25). In addition, SP-C antibody (Santa
Cruz Biotechnology, Inc.) was used to detect type II cells of lung
tissues.
Southern Blot and Hybridization—To study the copy num-

ber of the transgene, totalDNAwas extracted andpurified from
the tails of experimental hTGand controlmice andhuman lung
tissue with the Wizard genomic DNA purification kit (Pro-
mega, Madison, WI). Eight �g of pure DNA of each sample
were digested overnight at 37 °C by restriction enzyme EcoRI,
and the digested DNA samples were subjected to an 0.8% aga-
rose gel electrophoresis. Then the DNA fragments in the gel
were transferred onto a nylon membrane for Southern blot

analysis. Two DNA probes (0.6 and 1.1 kb) amplified from
human SP-A cDNA of SP-A2(1A3) were used for DNA hybrid-
ization in order to detect TG DNA. Probes were labeled with
[32P]dATP by a DNA probe labeling kit (Stratagene, La Jolla,
CA), and the labeled probe was then added intoHybrisol I solu-
tion (Chemicon, Temecula, CA). Southern blot hybridization
analysis was carried out in a rolling tube with the Hybrisol I
solution at 48 °C overnight. The blotmembranewas exposed to
XAR film after washing three times (15 min each) at 55 °C.
Analysis of Human Genomic DNA Sequences from the

HumanGenomeData Base—Human genomic DNA sequences
(about 15 kb) containing SP-A1 and SP-A2 were downloaded
from the National Institutes of Health human genome data
base. The sequences of each SP-A1 and SP-A2were analyzed by
the MapDraw and MegAlign programs of DNAstar to deter-
mine recognition sites of EcoRI and the resulting fragments by
Southern genomic blot analysis to predict both the size and the
number of bands on the Southern blot of human genomicDNA
used as control.
Analysis of Total Phospholipids of Mouse BAL Fluid—hTG,

SP-A1(6A4), SP-A2(1A3), SP-A1/SP-A2(6A4/1A3), KO, and
WT mice were killed, and the lung was lavaged three times,
each time with 0.5ml of saline buffer. The BALwas centrifuged
at 150 � g to remove cells, and the supernatant was used for
analysis. The content of total phospholipids in the BAL fluid
frommice (n � 5 per type of mouse) was determined quantita-
tively by an in vitro phospholipids C assay kit according to the
manufacturer’s protocol (Wako Diagnostics, Richmond, VA).
Preparation of Surfactant Large Aggregates from Mouse BAL

Fluid—BAL fluid was obtained from hTG mice (n � 5) car-
rying a single gene, SP-A1(6A4) or SP-A2(1A3), and both
SP-A genes SP-A2/SP-A1(1A3/6A4) as well as from the same
genetic background SP-A KO and WT mice. To generate a
sufficient amount of the large aggregate fraction for the elec-
tron microscopy assay, BAL fluids from five mice were pooled
for each sample studied. Large aggregates were prepared from
BAL using sucrose gradient centrifugation, and the large aggre-
gate fraction of surfactant was collected from the interface fol-
lowing centrifugation (53).
Preparation of Surfactant Large Aggregates fromHumanBAL

Fluid—Human BAL fluids were prepared from non-diseased
human lungs (n � 5) obtained from the Gift of Life Donor
Program (Philadelphia, PA) and stored at �80 °C from a previ-
ous study (25). The protocol was approved by the Penn State
College of Medicine Institutional Review Board. Each donor
lung (routinely the left lung) was lavaged with 1 liter of 0.9%
saline, and the lavage fluid was collected. BALs were centri-
fuged at 150� g for 10min to obtain cell-free BAL.The ratios of
SP-A1 to total SP-A of these BAL samples had been assessed
with SP-A1-specific and SP-A antibodies by an enzyme-linked
immunosorbent assay in our previous work (25). BAL samples
containing either a high (i.e. 0.999) (n � 1) or a low (i.e. 0.003)
(n � 2) SP-A1/total SP-A ratio or a ratio of about 0.5 (n � 2)
were used for preparation of surfactant large aggregates in this
study (53). The ratio was used as a tool to select BAL fluids with
potentially very high SP-A1 content and a very low SP-A2 and
vice versa aswell as select sampleswhere both SP-A1 and SP-A2
products were readily present. BAL fluid was separated at 8%
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sucrose gradient centrifugation with 40,000 � g at 4 °C for 30
min. The fraction of large aggregates of BALwas removed from
the interface to a new tube and resuspended in saline buffer.
Pellets of large aggregates were obtained from centrifugation
with 40,000 � g at 4 °C for 10 min (53) and fixed using fixing
buffer with 2.5% paraformaldehyde, 4% glutaraldehyde.
In Vivo Study of TM “Rescue” in SP-A KO Mice—SP-A KO

mice (10–12 weeks old) were used for in vivoTM rescue exper-
iments because SP-A KO mice lack TM structures in the lung.
To test whether or not exogenous SP-A is able to restore TM
formation in vivo, pure SP-A (2.5 or 5 �g) in 50 �l of saline
containing 2 mM Ca2� was administered into the lung of SP-A
KO mice intratracheally. One negative control used 50 �l of
saline with 2 mM Ca2� but without SP-A. Three SP-A KOmice
were used for studies of each condition, or a total of 36mice for
this in vivo study. For SP-A1, due to protein sample limitation,
we tested only the 6 h time point and used 5 �g of SP-A1 pro-
tein/mouse. The mice were killed at 6 and 12 h after treatment,
and the lung tissues were fixed immediately with Karnovsky’s
fixative solution for 24 h. The fixed lung tissues were used for
analysis by electron microscopy (see “Electron Microscopy
Analysis”). To determine TM structures in the lung tissues of
these mice, at least 1000 fields from several sections of each
mouse were examined.
Electron Microscopy Analysis—Pellets from the large aggre-

gate fraction of hTG mice were prepared from mice with a
single gene, SP-A1(6A4) and SP-A2(1A3), and both SP-A1/
SP-A2(6A4/1A3) genes as well as from the same genetic
background SP-A KO and WT mice. Pellets from the large
aggregate fraction were also prepared from BAL fluid of
human lungs. Samples were fixedwith 2.5% paraformaldehyde,
4% glutaraldehyde. After 24 h, the fixed pellets were used for
electron microscopy. Samples were stained with 1% osmium
tetroxide, 1.5% potassium ferrocyanide. The fixed pellets were
embedded in Embed812 resin (Electron microscopy science).
Ultrathin sections (90 nm) were prepared and stained with 2%
aqueous uranyl acetate and lead citrate for electronmicroscopy
analysis. Each sample was examined at various magnifications
from �10,000 to �35,000. For each sample, at least 200 fields
from several sections were examined. The photographs were
taken from 10 randomly selected grids (of 50 grids) of each
section. The random number generator program was used to
select the 10 grids.
Statistical Analysis—The data were analyzed by one-way

analysis of variance or Student’s t test using the standard pro-
gram software Sigmastat (Version 3.5, SPSS). Differences were
considered statistically significant at p � 0.05.

RESULTS

Generation of hTG SP-A1 and SP-A2Mice and Transmission
of SP-A1 and SP-A2 in hTG Mice—Before beginning the DNA
microinjection into mouse fertilized oocytes, we examined
whether the constructs could express hSP-A protein in H441
cells by transient transfection as described previously (54).
Western blotting results from transfected cells indicated that
the two constructs, SP-A1(6A4) and SP-A2(1A3), could express
hSP-A protein in H441 cells that express SP-A but not in CHO
cells that do not express SP-A, indicating the ability of con-

structs to express SP-A in a cell-specific manner (data not
shown). Then the 5.4-kb DNA fragment (Fig. 1A) was used for
microinjection into fertilized oocytes, which were then trans-
ferred into the uterus of C57BL/6 mice. Initially, we used fertil-
ized oocytes from SP-A KO C57BL/6 mice, but these failed to
generate positive TG mice, as assessed by genotyping of more
than 150 potential TG mice. Therefore, fertilized oocytes from
WT C57BL/6 mice were used. In this study, four positive TG

FIGURE 1. Construct of the recombinant DNA and identification of pos-
itive transgenic mice. A, diagrammatic representation of the recombi-
nant DNA fragment used for the generation of hTG mice. The original
vector (3.7-hSP-C/SV40) contained a fragment that included the 3.7 kb of
the human SP-C promoter region and a 0.4-kb fragment of the SV40
poly(A) sequence. This vector has been used previously for foreign gene
expression in alveolar epithelial type II cells in TG mice. The cDNA of
human SP-A variants was first cloned into a pGEM vector, and prior to
subcloning of the human SP-A cDNA into the SalI site of the 3.7-hSP-C/
SV40 vector, two restriction sites (NotI and NdeI) within the coding region
of the hSP-A cDNA were eliminated using site-directed mutagenesis
(Stratagene, CA). A single nucleotide of the restriction enzyme recogni-
tion motif of either NotI or NdeI was changed, but the amino acid of SP-A
was not changed. Then the 1.3-kb cDNA of hSP-A2(1A3) or SP-A1(6A4),
containing a 0.1-kb 5�-UTR, the entire coding region of human SP-A (0.74-
kb), and 0.5-kb of the 3�-UTR, was inserted into the SalI site of the 3.7hSP-
C/SV40 vector. The 5.4-kb DNA fragment (3.7-kb SP-C promoter region,
1.3-kb cDNA of hSP-A, and the 0.4-kb SV40 poly-A terminator) was isolated
and purified from the construct with both restriction enzymes NdeI and
NotI. The pure DNA fragment was used for microinjection into fertilized
C57BL/6 oocytes. B, identification of positive hTG mice by PCR. Positive
hTG mice were identified using PCR with genomic DNA extracted from a
tail fragment of potential hTG mice. The top section (I) of B shows the
results from one representative experiment in which DNAs from 12 poten-
tial hTG mice along with the respective negative and positive control
DNAs were analyzed. Positive hTG mice (lanes 6 and 10) exhibit a 1.4 kb
band of PCR products with primer pair 1433 and 68, whereas the SP-A KO
and WT mice lack this PCR band. M, DNA molecular marker; lanes 1–12
show 12 DNA samples from potential hTG mice; KO, SP-A KO mouse DNA;
WT, wild-type mouse DNA; H2O, negative control for PCR (H2O was used
instead of DNA template); plasmid, positive control for PCR (the plasmid
used for positive control is the recombinant plasmid used for the genera-
tion of the hTG mouse). The bottom section (II) of B depicts a diagram of
the transgene and location of primers used for PCR as well as the size
of the PCR products. Primers 1433 (sense) and 68 (antisense) are located
on the human SP-C promoter region and the human SP-A coding region,
respectively.
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founder mice were obtained for each of the SP-A1(6A4) and
SP-A2(1A3) constructs from a total of 56 potential TG mice
from three independent microinjection experiments. This rep-
resents an about 14% success rate in obtaining positive TG
mice. An example of the genotyping analysis with 12 potential
TGmice is shown in Fig. 1B. Of the 12mice, twomice (numbers
6 and 10) carrying the 1.4 kb PCR band were positive for the
transgene; the other 10mice (without the 1.4-kb PCRproducts)
were all negative, as also were the negative controls (WT and
KO mice) (Fig. 1B).
To remove the endogenous mouse SP-A background and

to study transmission of transgene, four TG founder mice of
each SP-A1(6A4) and SP-A2(1A3) construct were backcrossed
with SP-A KOC57BL/6 mice to generate F1 generation. Of the
four SP-A1(6A4) founder mice, three (6A4-T1, -T3, and -T4)
were positive TG F1mice, and one 6A4-T2 (male) was infertile.
All four SP-A2(1A3) founder mice were fertile when bred with
SP-A KO mice, but only two founder mice (1A3-T2 and T4)
were positive TG F1 mice. No positive TG F1 mice were
obtained with the other two founder mice (1A3-T1 and T3)
even after several breeding attempts. Positive transgenic F1
mice carrying either SP-A1(6A4) or SP-A2(1A3) were subse-
quently backcrossed with SP-A KO C57BL/6 mice to gener-
ate F2 mice. For F2 mice, in addition to genotyping human
SP-A1(6A4) and SP-A2(1A3), the mouse SP-A background
(i.e. heterozygous mouse SP-A (�/�) or homozygous mouse
SP-A KO) was also analyzed as described under “Materials
andMethods.” The processes of breeding and genotype anal-
ysis were performed through F7-F8 generations. Then hTG
mice carrying either SP-A1(6A4) or SP-A2(1A3) with mouse
SP-A KO background were characterized and used in the
present study.
Expression of Human SP-A1 and SP-A2 and Mouse SP-B,

SP-C, and SP-D in hTG Mice Examined by Western Blot
Analysis—To examine transgene SP-A1(6A4) and SP-A2(1A3)
expression in hTG mice, lung tissue and BAL fluid were pre-
pared from hTG mice, SP-A1(6A4), SP-A2(1A3), and SP-A1/
SP-A2(6A4/1A3), as well as negative control from the same lit-
ter ofmice, and the sampleswere analyzed byWestern blotwith
human SP-A antibody (27). The results showed that lung tissue
andBAL fluid in the hTGmice have positive SP-Abands (major
band of about 33 kDa (monomer) and a low intensity band of
about 66 kDa (SP-A dimer) (Fig. 2A). The presence of SP-A
protein in BAL indicated that human SP-A1 and SP-A2 protein
could be secreted into alveolar space of the lung. As expected,
no SP-Awas detected in other tissues, such as heart, large intes-
tine, and kidney (data not shown). Based on the signal on the
Western blot, SP-A protein levels in the lung of two founder
lines (T2 (lane 4) and T4 (lane 5)) of SP-A2(1A3) and one foun-
der line (T1; two sublines of this line are shown in lanes 6 and 7)
of SP-A1(6A4) were comparable with that of human lung. The
levels of SP-A1(6A4) and SP-A2(1A3) protein expression in
mice carrying both SP-A1 and SP-A2 genes are nearly equal;
SP-A1(6A4) has a slightly larger size than SP-A2(1A3) when
proteins are separated by 4–20% gradient SDS-PAGE (Fig. 2A,
lane 10). The difference in the size between SP-A1 and SP-A2
precursors from in vitro translation has been observed previ-
ously (55). Furthermore, the mouse endogenous SP-B, SP-C,

and SP-D expression in the hTG mice was similar to that in
SP-AKOmice (Fig. 2B). Another two founder lines (T3 andT4)
of SP-A1(6A4) had lower SP-A protein expression (data not
shown).
Oligomerization Pattern of in Vivo Expressed SP-A1 and

SP-A2—Oligomerization differences between SP-A1 and
SP-A2 expressed in vitro in mammalian CHO and insect cells
have been observed (26, 29, 34, 35). To examine whether the in
vivo oligomeric pattern of SP-A1 differs from that of SP-A2,
BAL fluid from hTG mice, SP-A1(6A4) and SP-A2(1A3) were
analyzed byWestern blot analysis (Fig. 3). Under non-reducing
conditions, the SP-A2(1A3) oligomer pattern includes four
major bands: dimer (2�), trimer (3�), tetramer (4�), and hex-
amer (6�), as well as several minor bands (�6�). The
SP-A1(6A4) oligomer pattern differs from that of SP-A2(1A3)

FIGURE 2. Western blot analysis of surfactant protein expression in the
lung of hTG mice. A, hSP-A expression in the lung of hTG mice. Total protein
(100 �g/lane) from lung tissues of hTG mice and SP-A KO mice or BAL protein
(15 �g per lane) from hTG mice were subjected to gel electrophoresis (10%
SDS-PAGE for lung tissues and 4 –20% gradient SDS-PAGE for BAL fluid) under
reducing conditions. The protein in the gel was transferred onto a polyvinyli-
dene difluoride membrane, and SP-A was detected using a rabbit antibody
(IgG) to human SP-A at a 1:2000 dilution and then a goat anti-rabbit IgG
(horseradish peroxidase-conjugated) antibody. The blot was exposed to XAR
film following enhanced chemiluminescent detection. Lung tissues were pre-
pared from the following mice: two SP-A KO (lanes 2 and 3), two SP-A2(1A3)
hTG mice (lanes 4 and 5), and two SP-A1(6A4) hTG mice (lanes 6 and 7). BAL
fluids were isolated from the hTG mice carrying a single human SP-A trans-
gene, i.e. SP-A1(6A4) (lane 8), SP-A2(1A3) (lane 9), or both human SP-A1 and
SP-A2 transgenes, SP-A2/SP-A1(1A3/6A4) (lane 10) and from the control KO
mouse (lane 11). Two bands with nearly equal intensity were observed at the
position of monomeric SP-A in the BAL from the hTG mice carrying human
SP-A1 and SP-A2 transgenes (SP-A2/SP-A1(1A3/6A4) (lane 10)). The band with
the slightly larger size is SP-A1 (marked by an asterisk), and the other is SP-A2
(marked by a filled circle). All hTG mice were generated in the SP-A KO back-
ground. Purified human SP-A protein (lane 1) used as positive control was
from the BAL of an alveolar proteinosis patient. Monomer and dimer of SP-A
are pointed out by arrows on the right. B, SP-B, SP-C, and SP-D expression in
the lung of hTG mice. Total BAL proteins (15 �g/lane) from hTG mice and SP-A
KO mice were subjected to gel electrophoresis (4 –15% gradient SDS-PAGE)
under reducing conditions. The protein in the gel was transferred onto a
polyvinylidene difluoride membrane; SP-B, SP-C, and SP-D were detected by
SP-B, SP-C, and SP-D antibody, respectively. The blot was exposed to XAR film
following enhanced chemiluminescent detection. No significant differences
were observed in the levels of each SP-B, SP-C, and SP-D among hTG mice and
KO mice.
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and consists of dimer (2�), trimer (3�), hexamer (6�), and
several major bands larger than the hexamer (6�). These olig-
omer differences of SP-A1 and SP-A2 from the TG mice are
similar to those observed previously by in vitro expressed SP-As
(29, 35).
Lung Morphology and Immunohistochemical Analysis of

SP-A1 and SP-A2 Expression—Lung morphology was exam-
ined in the hTGmice, SP-A1(6A4) and SP-A2(1A3), and control
WT and SP-A KO mice. No obvious significant difference was
observed in the alveolar structures of lungmorphology, such as
septal thickness or size of alveoli, among thesemice.We further
assessed the expression of human SP-A1 and SP-A2 in the hTG
mice by immunohistochemical analysis using hSP-A- and
SP-A1-specific antibodies. The results (Fig. 4) showed that alve-
olar type II cells were positive in tissues from hTG SP-A1 and
SP-A2 mice with hSP-A antibody (A and C). With the SP-
A1-specifc antibody, as expected, only tissue from the hTG
SP-A1(6A4) mouse was positive (Fig. 4B); tissue from the hTG
SP-A2(1A3) mouse was negative (D). Serving as a positive con-
trol, type II cells from human lung tissue were positive with
either human SP-A antibody or SP-A1-specific antibody (Fig. 4,
E and F) as well as an antibody to SP-C (type II cell-specific
marker) (not shown). No positive signal was observed in SP-A
KO mice by either SP-A antibody or SP-A1-specific antibody
(Fig. 4,G andH). Furthermore, no SP-A1 and SP-A2 expression
was detected in the epithelial Clara cells and airway of the hTG
lung (data not shown). These data indicate that the 3.7-kb
human SP-C drives alveolar type II cell-specific expression of
human SP-A1 and SP-A2, consistent with similar observations
made when this promoter was used to drive expression of other
genes in TG mice (4, 53, 56).
In addition, the content of total phospholipids inmouse BAL

fluid was determined quantitatively. The data showed that
there were no significant differences among hTG mice, SP-

A1(6A4), SP-A2(1A3), SP-A1/SP-A2(6A4/1A3), WT, and KO
mice (Fig. 5).
Analysis of Integration of hSP-A1 and hSP-A in theGenome of

hTG Mice—To determine how many copies of SP-A1 and
SP-A2 were integrated into the genome of hTG mice, we used
F8 hTG mice from two founder lines, SP-A1(6A4)-T1 and the
SP-A2(1A3)-T2, for Southern blot and RFLP analyses. These
two founder lines, as noted above, exhibited SP-A expression
comparable with that in human lung. Total DNA extracted
from the tails of hTG or control mice was digested (8 �g) by
restriction enzyme EcoRI and subjected to Southern blot anal-
ysis. DNA fragments were detected with two cDNA probes (0.6
and 1.1 kb of humanSP-A cDNA).When either probewas used,
two bands at positions of 5.1 and 5.8 kbwere detected (Fig. 6) in
both hTG mice, SP-A1(6A4)-T1 and SP-A2(1A3)-T2, whereas
no signal was detected in the Southern blot with either probe in
DNAs from SP-A KO orWTmice. However, genomic DNA (8
�g) from human lung showed two bands with the 0.6-kb probe
(Fig. 6A) and four bands with the 1.1-kb probe (Fig. 6B) on the

FIGURE 3. Oligomerization pattern of SP-A1 and SP-A2 in hTG mice as
assessed by non-reducing immunoblot analysis. BAL fluid was prepared
from hTG mice, SP-A2(1A3) and SP-A1(6A4), and then heated at 95 °C for 10
min in SDS-containing non-reducing buffer. About 15 �g of protein (per lane)
was subjected to gel electrophoresis in a polyacrylamide gradient 4 –15% gel
under non-reducing conditions. The protein in the gel was transferred onto a
polyvinylidene difluoride membrane, and SP-A bands on the membrane
were detected using a primary rabbit antibody (IgG) to human SP-A and then
a horseradish peroxidase-conjugated secondary antibody (goat anti-rabbit
IgG). The blot was exposed to XAR film following enhanced ECL chemilumi-
nescent detection. The oligomer pattern between SP-A1 and SP-A2 variants
differed, as shown previously by in vitro expressed variants (29, 35). hSP-A
protein from the BAL of an alveolar proteinosis patient was used as positive
control. Molecular weight markers of protein sizes are shown on the left, and
oligomeric forms are pointed out with arrows on the right.

FIGURE 4. Immunohistochemical analysis with hSP-A- and SP-A1-specific
Abs. Lung tissues from each hTG mouse, SP-A1(6A4) and SP-A2(1A3), SP-A KO
mouse, and a human subject were fixed with Bouin’s solution (Sigma) for 24 h.
About 5-�m thick sections were prepared from these fixed lung tissues.
Immunohistochemical analysis using an ABC kit (Vector Laboratories, Inc.,
Burlingame CA) was performed with human SP-A Ab (A, C, E, and G) and an
SP-A1-specific Ab (B, D, F, and H). The results indicate that the human SP-A Ab
stains alveolar type II cells of all three types of lung tissues (A, C, and E), but the
SP-A1-specific Ab detects alveolar type II cells only of lung tissues from the
hTG SP-A1(6A4) mouse (B) and the human subject (F) but not from the SP-A2
mouse (D). As expected, no positive alveolar type II cells were detected in the
lung of the SP-A KO mouse with either SP-A Ab (G) or SP-A1-specific Ab (H).
The arrows point to positive type II cells.
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Southern blot. The two probes used were from the cDNA
sequence of human SP-A2(1A3), and as such, they could
hybridize with several exons of human genomic SP-A1 and
SP-A2 sequences, hence the multiple bands with human

genomic DNA. The 0.6-kb probe is located within the coding
region (exons I–IV) of SP-A cDNA. In this region, no EcoRI
cleavage site exists in either SP-A cDNA or human genomic
DNA. The 1.1-kb probe contains the coding region (exons
I–IV) and a partial 3�-UTR sequence (present in exon IV) of
SP-A cDNA and contains one EcoRI cleavage site. This site is
present in the 3�-UTR of SP-A cDNA and genomic DNA.

To further understand the differences in RFLP pattern
between the human genomic DNA and that from the hTG
mice, human genomic sequences of SP-A1 and SP-A2 were
downloaded from the NIH human genome data base (see
“Materials and Methods”), and their EcoRI-digested pattern
was determined. The results indicated that the bands of 6.3 and
7.7 kb detected by the 0.6-kb probe (Fig. 6A lane 5) were,
respectively, from the SP-A1 and SP-A2 genomic sequences.
The four bands detected in the human genomic EcoRI digestion
with the 1.1-kb probe (Fig. 6B, lane 5) were from SP-A1 (bands
6.3 kb and 4.3 kb) and from SP-A2 (bands 7.7 kb and 2.2 kb).
Because each of the hTGmice, SP-A2(1A3) and SP-A1(6A4),

carried the cDNA sequence of human SP-A1 and SP-A2,
respectively, as shown in Fig. 1, only one band should have been
detected in the blot if the hTG mice contained one copy of the
transgene of either SP-A2(1A3) or SP-A1(6A4). However, two
bands (5.1 and 5.8 kb) were found in the hTG mice with both
probes, raising the possibility that two copies of the transgene
were integrated into the genome of the hTG mice. This could
occur either via the formation of a concatemer of the transgene
or integration of the transgene in two independent loci in the
genome on the same or different chromosomes. The mice ana-
lyzed had been backcrossed with SP-A KO mice for 8 genera-
tions; therefore, it is unlikely that the transgene is integrated
in two different chromosomes. The most likely scenario is that
two copies of the transgene formed a concatemer structure or
that the two copies integrated into the same chromosomebut at
different loci. To address this issue further, we first examined
the possibility that there is a concatemer of SP-A2(1A3) or
SP-A1(6A4) in the hTG mice. PCR fragments were produced
using genomic DNA from the TG mice as template and two
primers, one (sense oligonucleotide) located on the hSP-A
3�-UTR and the other (antisense oligonucleotide) on the 3.7-kb
SP-C promoter region (Fig. 7). With these two primers, only
concatemeric forms of each SP-A1 and SP-A2 transgene in the
genome could be amplified to generate a PCR product of about
0.9 kb. DNAs frombothTGmice, SP-A2(1A3) and SP-A1(6A4),
exhibited an about 0.9-kb PCR product. Furthermore, we purified
and sequenced these PCR products and found the junction
sequence (GCGGCCGCATATG) of a two-copy transgene, which
is the exact junction sequence at the end of the first copy and the
start of the second copy (Fig. 7). The results from this specific PCR
amplification and DNA sequencing support the conclusion that
twocopiesof either transgene (SP-A1orSP-A2)have integratedas
a concatemer in each of the hTGmice.
Ultrastructural Analysis of Surfactant Large Aggregates from

BAL of hTGMice; Both hSP-A Gene Products Are Necessary for
Tubular Myelin Formation—SP-A KO mice cannot form TM,
an extracellular form of surfactant (3, 4). To study whether a
single gene product or both gene products of human SP-A1 and
SP-A2 are necessary for the formation of TM, surfactant large

FIGURE 5. Comparison of total phospholipids in the BAL fluid of hTG, KO,
and WT mice. hTG mice (SP-A1(6A4), SP-A2(1A3), and SP-A1/SP-A2(6A4/1A3)),
KO mice, and WT mice were killed, and the lung was lavaged three times, each
time with 0.5 ml of saline buffer. The BAL was centrifuged at 150 � g to
remove cells, and the supernatant was used for analysis. Each group contains
five mice. The content of total phospholipids in the BAL fluid from each
mouse was then determined by an in vitro phospholipids assay kit (Wako
Diagnostics, Richmond, VA). The data were analyzed by a one-way analysis of
variance test (significant differences were considered when p was �0.05). The
results indicated no significant differences in the levels of total phospholipids
of each group among hTG, KO, and WT mice.

FIGURE 6. Southern blot analysis of transgene integration in hTG mice.
Genomic DNAs were prepared from hTG mice (SP-A1(6A4) and SP-A2(1A3)),
SP-A KO mice, and WT mice as well as from human lung tissue. The DNA
samples were digested with EcoRI. The digested DNAs were subjected to
agarose-gel electrophoresis and then transferred to a nylon membrane. The
hSP-A1 or hSP-A2 DNA bands were detected with 32P-labeled DNA probes of
0.6-kb or 1.1-kb fragments of human SP-A cDNA. The linearized plasmid DNA
(about 8 kb, pointed out by an arrow) carrying the hSP-A cDNA (described in
the legend to Fig. 1) was used as a control. After hybridization with either
probe, the blot membrane was washed three times (see “Materials and Meth-
ods”) and then exposed to XAR film. A and B depict the RFLP pattern of hSP-A
as detected by the 0.6- and 1.1-kb probes from SP-A cDNA, respectively. The
0.6-kb probe is located within the coding region (exons I–IV) of SP-A cDNA.
This region contains no EcoRI cleavage site in either SP-A cDNA or human
genomic DNA. The 1.1-kb probe contains the coding region (exons I–IV) and
a partial 3�-UTR sequence (present in exon IV) of SP-A cDNA with one EcoRI
cleavage site. This site is in the 3�-UTR of SP-A cDNA and human genomic
DNA. The data from A indicate that there are two DNA bands (5.8 and 5.1 kb,
marked by ‹ and �, respectively) in each of the hTG mice, SP-A1(6A4) and
SP-A2(1A3). The human genomic DNA (hDNA) also shows two DNA bands (7.7
and 6.3 kb, marked by F and FF, respectively); the 6.3-kb fragment is from
SP-A1, and the 7.7-kb fragment is from SP-A2. The RFLP pattern of B with the
1.1-kb probe shows that the hTG mice (SP-A1(6A4) and SP-A2(1A3)) also con-
tained two DNA bands (5.8 and 5.1 kb, marked by ‹ and �, respectively), as
shown in A. Human genomic DNA contains four bands. Of these, the 6.3 kb
and 4.3 kb bands (marked by FF and E, respectively) are from SP-A1, and the
7.7 kb and 2.2 kb bands (marked by F and EE, respectively) are from SP-A2.
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aggregates isolated from BAL of
hTG were studied by transmission
electron microscopy for the pres-
ence of TM, a lattice-like ultrastruc-
ture. Large aggregates from BAL
fluid of five mice from each of the
five groups (i.e. hTG mice with a
single SP-A cDNA, SP-A2(1A3) or
SP-A1(6A4); hTG mice with two
SP-A cDNAs, SP-A2/SP-A1(1A3/
6A4); and controlWTandKOmice)
were prepared as described under
“Materials andMethods,” fixed, and
examined by transmission electron
microscopy. Fig. 8 shows represent-
ative images at two different mag-
nifications (�10,000 in A and
�30,000 in B). The results in Fig. 8A
indicate that 1) hTG mice carrying
both SP-A2/SP-A1(1A3/6A4) trans-
genes exhibit a similar pattern of
surfactant large aggregates as WT
mice, and 2) hTG mice with a sin-
gle SP-A gene, SP-A2(1A3) or
SP-A1(6A4), although they formed
compact lamellar bodies, their pat-
tern of surfactant large aggregates
(Fig. 8B) differed from that of WT
mice and hTG mice of SP-A2/SP-
A1(1A3/6A4). SP-A1(6A4) hTG
mice appeared to exhibit larger size
lamellar bodies than SP-A2(1A3)
hTG mice (Fig. 8B). The lattice-like
structures of TM (Fig. 8B) were
observed only in hTG mice of
SP-A2/SP-A1(1A3/6A4) and WT
mice (TM is shown in the enlarge-
ment and is marked by arrows) and
not in hTG mice, expressing a sin-
gle gene product, SP-A2(1A3) or
SP-A1(6A4), or in SP-A KO mice,
indicating that both SP-A1 and
SP-A2 gene products are required
for the formation of lattice-like
forms of TM. TM appeared to be
more regular in hTGmice of SP-A2/
SP-A1(1A3/6A4) than inWTmice, as
suggested previously (4).
Ultrastructural Analysis of Sur-

factant Large Aggregates from Hu-
man BAL—To further confirm that
TM formation in humans required
both SP-A1 and SP-A2 gene prod-
ucts, we studied surfactant large
aggregates from BAL fluid of
human subjects by transmission
electron microscopy for the pres-
ence of TM. Five human BAL sam-

FIGURE 7. Analysis of concatemeric structure of the transgene and the junction sequence of transgenes
in hTG mice. Southern blot analysis with either the 0.6-kb or the 1.1-kb probe indicated (as shown in Fig. 6) two
DNA bands of about 5.8 and 5.1 kb in the hTG mice SP-A1(6A4) and SP-A2(1A3). These two bands are probably
the result of a concatemer structure of the transgene. One 0.9-kb PCR DNA fragment could be generated with
primers 1636 (sense) and 1634 (antisense) (data not shown). Because the sense primer 1636 is located in the
3�-UTR of the human SP-A gene and the antisense primer 1634 is on the flanking region of the human SP-C
promoter, only a concatemer structure can produce the 0.9-kb PCR product. Sequencing analysis of the 0.9-kb
PCR product revealed that two copies of the transgene form a concatemer structure. The junction sequence of
the two copies of the transgene consists of a 3�-sequence (GCGGCC) of the first copy and a 5�-sequence
(CATATG) of the second copy shown here. One additional base (G, shown in boldface type) was found between
the two copies of the transgene.

FIGURE 8. Ultrastructures of surfactant large aggregates from BAL of hTG mice. BAL fluid was obtained
from hTG mice with a single gene, either SP-A1(6A4) or SP-A2(1A3), and both genes SP-A1/SP-A2(6A4/1A3)
as well as from the same background SP-A KO and WT mice. To generate a sufficient amount of the large
aggregate fraction for this assay, BAL fluids from five mice were pooled for each type of samples. Large
aggregates were prepared from BAL using sucrose gradient centrifugation. The large aggregate fraction
of surfactant was collected from the interface following centrifugation. Pellets of large aggregates were
fixed with 2.5% paraformaldehyde and 4% glutaraldehyde. After 24 h, the fixed pellets were used for
analysis by electron microscopy. A and B represent ultrastructures of each sample at magnifications
of �10,000 (A) and �30,000 (B), respectively. In the single gene-containing hTG mice, SP-A1(6A4) and
SP-A2(1A3), the lamellar bodies in the large aggregates appear more dense compared with KO mice (A),
and tubular myelin figures are absent compared with WT mice (B). hTG mice SP-A1/SP-A2(6A4/1A3) car-
rying both genes have a similar pattern of ultrastructures of large aggregates as WT mice, including
formation of a significant amount of tubular myelin figures marked by arrows (B) in the enlargement of the
1A3/6A4 and WT.
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ples were studied as described under “Materials and Meth-
ods.” These were selected based on the SP-A1/total SP-A
ratio, which was assessed by an enzyme-linked immunosor-
bent assay in our previous study (25). Two of them had a very
low SP-A1/SP-A � 0.003 ratio, one had a very high SP-A1/
SP-A � 0.999 ratio, and the other two had a ratio of SP-A1/
SP-A2 � 0.588 and 0.546, respectively. The ratio was used as
a tool to identify BALs that could potentially have an over-
abundance of one gene product over the other and samples
where both gene products were well represented. The results
(Fig. 9) showed that TM lattice-like ultrastructures were
observed only in samples containing both SP-A1 and SP-A2
gene products (TM structure is marked by an arrow in Fig.
9B, III). Samples that may contain predominantly either
SP-A1 or SP-A2 products lacked TM formation, although
large lamellar bodies as well as large size of loose lipid arrays
were present in the large aggregates (Fig. 9). These results
confirm the observationmade with BALs from the hTGmice
and together indicate that the in vivo formation of TM struc-
ture requires the presence of both human SP-A1 and SP-A2
proteins. This is the first evidence that shows a functional
divergence between SP-A1 and SP-A2.
In Vivo Rescue TM Formation in the Lung of the SP-A KO

Mice—To address two questions, 1) whether exogenous
SP-A administered into mouse lung is able to restore TM
formation in vivo and 2) whether there are different effects

on the TM formation in vivo by the three types of SP-A
(SP-A1, SP-A2, and SP-A1/SP-A2), SP-A KO mice that lack
TM structure were used as the recipient in this in vivo study.
SP-A (2.5 or 5 �g/mouse) in 50 �l of saline buffer with 2 mM

Ca2� was administered into the lung of SP-A KOmice intra-
tracheally. Six or 12 h after treatment, the mice were killed,
and the lung tissues were fixed and examined for TM forma-
tion by electron microscopy. The results indicated that
intact lattice-like forms of TM (although not plentiful and
rather scarce) were found only in samples at 6 h after treat-
ment with 5 �g of exogenous SP-A consisting of both SP-A1
and SP-A2 and not in those treated with SP-A1 or SP-A2
alone (Fig. 10). As expected, no TMwas found in the negative
control KO mice, which were treated with only 50 �l of
saline buffer.

FIGURE 9. Ultrastructures of surfactant large aggregates from BAL of
human subjects. BAL fluid was obtained from human subjects where the
ratio of SP-A1 to total SP-A was assessed in our previous work (25). Large
aggregates of surfactant were prepared from BAL fluid of three types of
individuals: with mostly SP-A2 protein present in the BAL fluid (i.e. SP-A1/
SP-A � 0.003) (n � 2) (I); with mostly SP-A1 protein present in the BAL fluid
(i.e. SP-A1/SP-A � 0.999) (n � 1) (II); and with both SP-A1 and SP-A2 pres-
ent in the BAL fluid (n � 2) (III). Large aggregates were prepared from
previously frozen BAL fluid using sucrose gradient centrifugation. The
large aggregate fraction of surfactant was collected from the interface
following centrifugation. Pellets of large aggregates were fixed with 2.5%
paraformaldehyde and 4% glutaraldehyde. After 24 h, the fixed pellets
were used for analysis by electron microscopy. A and B, ultrastructures of
each sample at a magnification of �10,000 (A) and �30,000 (B), respec-
tively. Tubular myelin figures were observed only in the samples contain-
ing both SP-A1 and SP-A2 gene products (III in B) and not in the ones
containing either SP-A1 or SP-A2. FIGURE 10. Ultrastructures of the lung tissues from in vivo TM rescue in

SP-A KO mice. SP-A KO mice that lack TM structures were treated with
exogenous SP-A protein. Fifty �l of saline buffer containing 2.5 or 5 �g of
SP-A (one of the three types of SP-A (SP-A1, SP-A2, or SP-A1/SP-A2)
described in the legend to Fig. 9) was administered into the lung of SP-KO
mouse intratracheally. One negative control used 50 �l of saline without
SP-A (see “Materials and Methods”). The mice were killed at 6 and 12 h
after treatment, and the lung tissues were fixed immediately with Kar-
novsky’s fixative solution for 24 h. The fixed lung tissues were used for
analysis by electron microscopy. Ultrastructures of each sample (5 �g of
SP-A and 6 h after treatment) were shown at a magnification of �30,000.
TM structures were observed in the lung tissues from the SP-A KO mice
treated with SP-A containing both SP-A1 and SP-A2 gene products but not
in those treated with SP-A1 or SP-A2 alone. As expected, no TM structure
was found in the negative control.
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DISCUSSION

SP-A plays important roles in surfactant structure and
metabolism and in the innate host defense of the lung (1, 57).
Human SP-A is encoded by two functional genes, SP-A1 and
SP-A2 (13). Although human SP-A1 and SP-A2 share a high
level of similarity (�97.6%) at the amino acid sequences, struc-
tural and functional differences between in vitro expressed
SP-A1 and SP-A2 variants have been observed (26–29, 31, 32,
34, 35, 58), with amino acid 85, one of the four “core” amino
acids residues that distinguish SP-A1 from SP-A2, making a
major contribution to these gene-specific differences (35).
However, all of the observations from the in vitro studies about
SP-A1 and SP-A2 structural and functional properties still lack
in vivo documentation. In the present study, we generated and
characterized hTG SP-A1 and SP-A2 mice and used them to
study in vivo the role of SP-A1 and SP-A2 in surfactant struc-
ture. The hTG mice expressed SP-A at levels comparable with
those in human lung, and the expressed SP-A1 and SP-A2
exhibited an oligomer size pattern similar to that observed by in
vitro expressed SP-A1 and SP-A2 (29). The results further
showed that both SP-A1 and SP-A2 gene products are neces-
sary for the formation of TM, one of the extracellular forms of
surfactant. The requirement of both gene products for TM for-
mation in the humanized transgenic model was further con-
firmed with BAL fluid from human subjects in which SP-A
consisted primarily of one or the other gene product, or both
gene products were presumably well represented. Mouse TM
rescue experiments provided further in vivo support that both
SP-A gene products are necessary for TM formation. The
inability of either single gene product to formTM and the need
for both gene products for TM formation provide the first evi-
dence either in vivo or in vitro of divergence of human SP-A1
and SP-A2 function.
Although the strategy of random integration of a foreign

gene (DNA fragment) into the genome of fertilized oocytes is
widely utilized for generation of transgenic mice (45), the ran-
dom integration of foreignDNAcan alter or damage expression
of essential gene(s) of development and/or spermatogenesis,
leading to male infertility. In the present study, three of eight
founder mice were either infertile (male founder T-2 of
SP-A1(6A4)) or could not produce positive transgenic offspring
(male founders T-1 and T-3 of SP-A2(1A3)). Chimera trans-
genic founder mice may not carry the transgene in their sper-
matocytes, explaining therefore their inability to produce off-
spring that would be positive for the transgene, as observed in
previous studies with different genes (59, 60). Of interest, at the
initial stage of this project, we used fertilized oocytes fromSP-A
KO C57BL/6 mice as host of DNA microinjection but failed to
obtain positive transgenic mice in more than 150 potential
transgenic mice. The reasons for this are currently unknown.
Although SP-A has been shown to play a role in parturition
(61), SP-A KO mice do reproduce successfully. On the other
hand, when fertilized oocytes from WT C57BL/6 were used,
�14% of positive transgenic mice were produced, which is
within the expected range. The mouse endogenous SP-A gene
was subsequently eliminated through backcross with the SP-A
KO mouse.

Foreign gene expression in transgenic mice is influenced by
several factors, including 1) the type of promoter in the con-
struct utilized, 5�-UTR, and 3�-UTR sequences; 2) the integra-
tion position of the transgenic DNA in the transgenic mouse;
and 3) the number of copies of the transgene integrated in the
genome (44, 45). In the present study, as well as in other studies,
the use of the 3.7-kb human SP-C promoter sequence ensured
alveolar type II cell-specific expression in lung (4, 50–53, 56).
The two founder lines (T1 of SP-A1(6A4) and T2 of SP-
A2(1A3)) analyzed in detail each contained two copies of the
transgene, and each could express SP-A1 or SP-A2 protein at
levels comparable with that of human lung tissues. Therefore, it
is tempting to speculate that the presence of two copies is the
reason why thesemice expressed levels of SP-A similar to those
in the human lung. However, an overexpression (7–8-fold
higher) of another transgene driven by the same promoter has
been observed previously (49). Although it is difficult to com-
pare the levels of human SP-A1 and SP-A2 in hTG mice with
the level of the mouse endogenous SP-A due to differences in
antibody affinities for human andmouse SP-A, the similarity of
the SP-A content in hTGmice and the human lung tissue indi-
cates the appropriateness of these hTGmice for further in vivo
study.
SP-A KOmice have been shown to lack TM, an extracellular

form of surfactant (3, 4, 62). Although the physiological role of
TM in the lung is not known, it has been postulated that TM is
a precursor/reservoir of the surface-active film (63), and it may
play a critical role in enhanced lung preservation and surfactant
integrity in lung injury (43). The structure and formation of TM
in vitrohas been studied (37, 38, 64), demonstrating that SP-A is
an essential component for this TM lattice-like structure of
surfactant in vitro (37, 38). Moreover, the SP-A molecule in its
entirety (4) and in the appropriate oligomeric structure (41) is
required for the formation of TM, suggesting that the sequence
and structure are necessary for this function of SP-A. However,
the role (if any) that TM plays in the lung under normal or
pathological conditions remains unknown. The present find-
ings indicate that SP-A1 or SP-A2 alone is not sufficient to
restore TM structure in vivo in the SP-A KO genetic mouse
background and that only hTG mice carrying both SP-A1 and
SP-A2 genes could restore TM structures. Furthermore, this
observationwas confirmed by an in vivo“rescue” study inwhich
three types of SP-A (SP-A1, SP-A2, and SP-A1/SP-A2) were
delivered into the lung of SP-AKOmice. Only SP-A containing
SP-A1 and SP-A2 could restoreTM formation. Thismay be due
in part to the differences in oligomeric structures in human
SP-As consisting of both gene products (SP-A1 and SP-A2) and
those consisting of either SP-A1 or SP-A2 (29) and the potential
requirement of certain SP-A multimeric/oligomeric structures
for TM formation.
The need for both SP-A1 and SP-A2 gene products for TM

formation was further confirmed in the present study by anal-
ysis of BAL fluids from human subjects with a ratio of SP-A1 to
total SP-A either very high or very low. Currently, we have no
direct knowledge as to what constitutes optimal SP-A1 and
SP-A2 content in the lung and how deviation from this putative
optimal content can impact surfactant structure and SP-A-re-
lated functions. However and of interest, in a recent study, the

Humanized Transgenic SP-A1 and SP-A2 Mice

12008 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 16 • APRIL 16, 2010



ratio of SP-A1 to total SP-A in BAL samples from human sub-
jects was found to vary depending on the age and/or health
status of individuals (25). Apredominance of SP-A2products in
BAL fluid has also been observed in a single patient with alve-
olar proteinosis (65). Furthermore, it is unknown how a varied
SP-A1 and SP-A2 expression affects TM content and its poten-
tial significance in lung health. Although several in vitro studies
have shown between SP-A1 and SP-A2 variants differences in
regulation (54, 66), in function (including their ability to
enhance phagocytosis of pathogens by alveolar macrophages)
(28–32, 35), and in their oligomerization pattern (26, 29, 35),
the present study shows for the first time that SP-A1 and SP-A2
have diverged completely in terms of TM formation because
neither one alone can form TM.
In summary, hTGmice have been generated in the SP-A KO

background and characterized with each carrying two copies of
SP-A1(6A4) or SP-A2(1A3) transgene and each expressing lev-
els of SP-A similar to those in the human lung. The function of
SP-A1 and S-A2 gene products has diverged with regard to TM
formation. Neither one alone is sufficient to form TM; TM can
only be detected if both gene products are present. Similar
observations were made with BAL samples from human sub-
jects that were identified predominantly with SP-A1 or SP-A2
or with both gene products being well represented and with
mouse in vivo TM rescue experiments. Because alterations in
SP-A levels have been associated with several pulmonary dis-
eases, in view of the present in vivo studies and the structural
and functional differences between SP-A1 and SP-A2 variants
documented in several in vitro observations, it becomes neces-
sary for the focus of study to shift to the study of the individual
SP-A1 and SP-A2 levels rather than the total SP-A content.
Such an approach provides the opportunity not only to make
available markers that could be specific for a given lung disease
but also to shed light on their individual contributions to dis-
ease pathogenesis. Toward this endeavor, the hTG model
described and characterized in the present report provides a
useful biological reagent to study in vivo key in vitro findings as
well as providing a means that could enable the study of phys-
iological and pathological SP-A-related disease processes that
are difficult to investigate with study of human subjects.
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