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Surfactant protein A (SP-A) enhances phagocytosis of Pseudomonas aeruginosa. Two functional genes, SP-A1
and SP-A2, encode human SP-A. As we showed before, baculovirus-mediated insect cell-expressed SP-A2
enhances the association of P. aeruginosa with rat alveolar macrophages (rAMs) more than does SP-Al.
However, true phagocytosis (internalization) was not shown, and insect cell derived proteins lack or are
defective in certain mammalian posttranslational modifications that may be important for SP-A1 and SP-A2
activity and specificity. Here we used SP-Al (6A%, 6A*) and SP-A2 (1A°, 1A") allele variants expressed by CHO
(Chinese hamster ovary) mammalian cells to study their effect on association and/or internalization of P.
aeruginosa by rAMs and/or human AMs (hAMs) and to study if phagocytosis can be modulated differentially
and/or more effectively by CHO cell-expressed SP-A variants than by insect-cell expressed SP-A variants. For
cell association and internalization assessments, light microscopy and fluorescence-activated cell sorter anal-
yses were used, respectively. We found the following for the first time. (i) SP-A2 variants enhanced phagocytosis
(cell association and/or internalization) of P. aeruginosa more than SP-A1 variants did, and the cell association
correlated with internalization. (ii) Differences in the activities of SP-A variants were observed in the following
order: 1A">1A°>6A%>6A". (iii) rAMs, although more active than hAMs, are an appropriate model, as SP-A2
variants exhibited activity higher than that seen for SP-A1l variants with either rAMs or hAMs. (iv) CHO
cell-expressed SP-A was considerably more active than insect cell-expressed variants. We conclude that SP-A2
variants stimulate phagocytosis of P. aeruginosa more effectively than SP-A1 variants and that posttransla-

tional modifications positively influence the phagocytic activity of SP-A.

As essential elements of host defense, nonspecific innate
immune mechanisms play a critical role in the primary re-
sponse to invading pathogenic microorganisms. In healthy in-
dividuals, there is a balance that favors the host with regards to
respiratory host defense and microorganisms that arrive via
inhaled ambient air and colonize the airway mucosal surface
(53). This balance can be overcome in cystic fibrosis (CF)
patients.

CF, an autosomal recessive disease, is associated with airway
obstruction, excessive inflammation, and chronic bacterial
infections. Patients with CF become infected with a limited
spectrum of bacteria, including Pseudomonas aeruginosa, an
opportunistic gram-negative bacilliform bacterium (19). The
developments of P. aeruginosa infection in patients with CF
may occur in three steps: no P. aeruginosa, initial nonmucoid P.
aeruginosa, and finally, mucoid P. aeruginosa strains overex-
pressing the exopolysaccharide alginate. After initial coloniza-
tion, P. aeruginosa has to adapt to certain challenges, i.e., to
various factors of the innate immune system, antibiotics, and
growth in the lung microenvironment. P. aeruginosa bacteria
may in turn undergo phenotypic conversion from nonmucoid
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to mucoid (5, 41). In this study, a nonmucoid P. aeruginosa
strain was used as a model to study differences in the abilities
of SP-A variants to enhance phagocytosis of P. aeruginosa by
alveolar macrophages.

The immune defenses of the lung involve pulmonary surfac-
tant, a complex system of lipids and proteins, which lines the
alveolar epithelial surfaces of the lungs. Surfactant protein A
(SP-A) is a member of a family of collagenous calcium-depen-
dent defense lectins, or collectins. One of the major biological
roles of the collectins is to bind to targets (e.g., microorgan-
isms) and to enhance phagocytosis/clearance of the target (22).
SP-A plays an important role in the modulation of innate host
defense in the lung (13). It has been shown to stimulate the
chemotaxis of macrophages (67), influence the proliferation of
immune cells (3, 36) and the production of proinflamatory
cytokines (4, 35, 64, 65), induce the generation of reactive
oxidants (58), regulate nitric oxide production (2, 23), and
enhance phagocytosis (11, 34, 44, 46). SP-A can interact di-
rectly with phagocytic cells (29, 58) and can bind to the lipid A
portion of rough lipopolysaccharide (59). It has also been re-
ported that genetically modified mice lacking SP-A are highly
susceptible to challenge with experimental pneumonia (39).

Two functional genes, SP-A1 and SP-A2, encode human
SP-A (hSP-A). There are more than 30 alleles characterized
for the SP-A genes (10, 32). Of these, four SP-A1 alleles (6A,
6A7, 6A°, 6A*) and six SP-A2 alleles (1A, 1A°, 1A', 1A%, 1A°,
1A%) have been observed at a high frequency in the general
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population (10). SP-A variants with both qualitative (func-
tional, biochemical, and/or structural) and quantitative (regu-
latory) differences have been identified. Nucleotide differences
within the coding sequence are likely to contribute to qualita-
tive differences. These include differences in their abilities to
inhibit surfactant secretion (61) and to stimulate production of
tumor necrosis factor alpha by macrophage-like THP-1 cells
(27, 64, 65) and in their aggregation and oligomerization prop-
erties (18, 56, 61). Nucleotide and/or splice differences within
regulatory regions (3" untranslated region [UTR] and 5" UTR)
(32, 37, 54) between the SP-A1 and SP-A2 genes and/or alleles
may contribute to quantitative differences. Differences in basal
mRNA levels and in mRNA levels in response to dexametha-
sone have been observed as assessed by in vitro or explant
culture studies (30, 38, 55, 63), and differences in protein levels
have been observed for lung tissues and bronchoalveolar la-
vage (BAL) fluids from different individuals (56a). Splice 5’
UTR variants were recently shown to differentially affect trans-
lation and mRNA stability (62). Differences in SP-A protein
content levels among individuals have been observed in cases
of lung disease, including CF (20, 24, 52, 57), or in physiolog-
ical changes in lung activity (12). In these cases, no distinction
was made between SP-Al and SP-A2 content or SP-A geno-
type.

Previously, we have shown that baculovirus-mediated insect
cell-derived SP-A2 variants enhance P. aeruginosa cell associ-
ation with rat alveolar macrophages more effectively than do
SP-A1 variants. However, true phagocytosis (internalization)
was not shown at that time, and the cell association enhance-
ment was severalfold lower than that observed for human SP-A
obtained from alveolar proteinosis BAL fluids (46). We spec-
ulated that incomplete posttranslational modification of the
insect cell-expressed proteins accounts for the lower level of
cell association. Insect cell-derived proteins lack or are defec-
tive in certain mammalian posttranslational modifications (16,
40), such as proline hydroxylation and complex N-linked gly-
cosylation, that may be important for enhancement of cell
association. In the present study, we expanded on our previous
findings. We used CHO (Chinese hamster ovary) mammalian
cell-expressed SP-A variants, in which posttranslational mod-
ifications are more similar to natural human SP-A, to investi-
gate for the first time whether mammalian cell-produced
SP-A2 variants stimulate phagocytosis (internalization) or cell
association of P. aeruginosa by rat or human AMs more than
do SP-Al variants and whether SP-A variants expressed in
CHO cells exhibit phagocytic ability comparable to that ob-
served with SP-A variants from BAL fluids.

MATERIALS AND METHODS

Reagents and media. Tryptic soy agar and RPMI 1640 (HEPES modification)
was from Sigma (St. Louis, MO), and Dulbecco’s phosphate-buffered saline was
from Invitrogen (Life Technologies, Grand Island, NY). Sterile saline solution
(0.9% NaCl) was purchased from Baxter Healthcare, Corp. (Deerfield, IL), and
fluorescein-5-isothiocyanate (FITC) was from Molecular Probes, Inc. (Eugene,
OR). Bronchoalveolar lavage fluid was obtained from patients with alveolar
proteinosis who were undergoing routine therapeutic lavage. Normal human
lungs (n = 4) were obtained from the Gift of Life Donor Program (Philadelphia,
PA). The protocol for the use of human lung tissue in the present study was
approved by the Institutional Review Board of the Pennsylvania State University
College of Medicine.

Growing and preparation of bacteria. The nonmucoid P. aeruginosa strain
(ATCC 39018) was obtained from the American Tissue Culture Collection
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(Rockville, MD). A bacterial suspension was prepared as described previously
(46). Briefly, bacteria were grown overnight (20 to 24 h) on tryptic soy agar plates
at 30°C and resuspended in the RPMI medium. The CFU-per-ml value was
determined with a calibration curve based on the optical density of a bacterial
suspension at 660 nm, and the bacterial suspension was spread on agar plates to
control for quantification of bacteria. The bacterial suspension was then used
immediately.

FITC labeling of bacteria. P. aeruginosa bacteria from agar plates were resus-
pended at 10° CFU/ml in 0.1 M sodium carbonate buffer (pH 9.0). FITC was
then added to a final concentration of 0.1 mg/ml. The mixture was incubated on
a LABQUAKE shaker (Labindustries, Berkeley, CA) for 1 h at room temper-
ature in the dark. Bacteria were washed to remove free FITC four times with
cold phosphate-buffered saline (PBS) with centrifugations at 4°C at 2,000 X g for
20 min. Final washes were performed with RPMI medium. Bacteria were resus-
pended at 5 X 10 CFU/ml in RPMI and used immediately for phagocytosis.

Purification of SP-A from human BAL fluid. SP-A was purified (21) from
bronchoalveolar lavage fluid obtained from a patient with alveolar proteinosis, as
described previously (26). The concentration of SP-A was determined using a
Micro bicinchoninic acid protein assay (Pierce, Rockford, IL) with RNase A as
a standard, and the purity of the SP-A preparation was verified by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis followed by silver staining and
by Western blotting and two-dimensional gel analysis.

Preparation and purification of human SP-A genetic variants expressed in
CHO cells. Human SP-A variants SP-A1(6A% and 6A*) and SP-A2(1A" and 1A°)
observed frequently in the general population were expressed from stably trans-
fected CHO-K1 mammalian cells as described previously (65). Briefly, human
SP-AI and SP-A2 cDNAs were cloned into expression vector pEE14. SP-4 gene
transcription was driven by a cytomegalovirus promoter. The recombinant con-
structs with SP-A variants were transfected into CHO cells. Stably transfected
cell lines were established based on SP-A expression. SP-A variants were purified
from the media of cultured CHO cells by use of mannose affinity chromatogra-
phy as described previously (65). CHO cell-expressed SP-A variants were dia-
lyzed and concentrated. The purity of SP-A was checked by silver staining of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels. The level of
purity was approximately 95 to 98%. In this work, we used different concentra-
tions (from 1.56 to 14 pg/ml) of SP-A variants for phagocytosis assays. Similar
results were seen at higher SP-A concentrations (data not shown; the highest
concentration tested was 33 pg/ml). However, at all SP-A concentrations tested,
the activity of SP-A2 relative to that of SP-Al was the same. Three different
preparations of 1A” and 6A? and two preparations of 1A' and 6A* were tested
with the same effect.

Isolation of rat alveolar macrophages. Male adult pathogen-free Sprague-
Dawley rats (Harlan, Indianapolis, IN) were used as a source for alveolar mac-
rophages. The Penn State University Institutional Animal Care and Use Com-
mittee approved all procedures involving animals. Alveolar macrophages were
isolated as described previously (46). Briefly, animals were anesthetized with an
intramuscular injection of a mixture of ketamine HCI (Ketaset; Fort Dodge
Animal Health, Fort Dodge, IA) and xylazine (XYLA-JECT; Phoenix Pharma-
ceuticals Inc., St. Joseph, MO). Rats were sacrificed and bled, the tracheas were
cannulated, and the lungs were subjected to lavage three times with sterile saline
(0.9% NacCl). Lavage fluids were centrifuged, and the cell pellets were washed
three times with RPMI medium. Cells were counted using a hemacytometer and
resuspended in RPMI medium. The viability of cells was determined by trypan
blue dye exclusion, and only cell suspensions with greater than 95% viable cells
were used.

Isolation of h alveolar macrophages. Human lungs unable to be utilized
for lung transplantation were obtained from The Gift of Life Donor Program en
bloc. For the collection of alveolar macrophages, the entire left lung underwent
bronchoalveolar lavage (BAL) with 1,000 ml of sterile saline (0.9% NaCl) at
room temperature. The BAL fluid was centrifuged at 150 X g for 5 min at 4°C
to pellet the cells, and cells were counted using a hemacytometer and plated at
5 X 10° cells per 100-mm tissue culture dish in 10 ml of RPMI. Dishes were
incubated at 37°C for 3 h in the presence of 5% CO, for the attachment of AMs.
After 3 h, the attached cells were washed twice with 10 ml of PBS to remove any
unattached cells, mucus, and tissue debris, and 10 ml of RPMI with 10% fetal calf
serum was added to each plate for an overnight incubation of the attached AMs.
After the overnight incubation, AMs were washed twice with 10 ml of PBS, 5 ml
of cell dissociation solution (Sigma, St. Louis, MO) per plate was added, and
plates were incubated at 37°C with gentle shaking to detach the AMs from the
plates. AMs were centrifuged at 4°C at 250 X g for 3 min and washed three times
with 10 ml of RPMI with centrifugations at 4°C at 250 X g for 3 min. AMs were
counted using a hemacytometer. The viability of cells was determined by trypan
blue dye exclusion, and only cell suspensions with greater than 95% viable cells
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FIG. 1. Enhancement of association of P. aeruginosa with rat alveolar macrophages by SP-A1 and SP-A2 variants. Rat alveolar macrophages
were mixed with P. aeruginosa in the presence or absence (negative control) of SP-A. After 1 h of incubation at 37°C, cell association was assessed.
Two hundred AMs were counted at each experimental point. The negative control was set at 100%, and the data were presented as a percentage
of the negative control. Shown are values for 1.56 (A), 3.12 (B), and 6.25 (C) pg/ml of SP-A. The phagocytic index was calculated as described
in Materials and Methods. Data are expressed as means = SE for five independent experiments. Differences were considered significant when the
P value was <0.05. All variants significantly differed from the negative control (without SP-A), except for 6A* at the 3.12-pg/ml concentration.
Symbols: a, SP-A2 variants (1A' or 1A°) significantly differed from 6A% b, SP-A2 variants (1A' or 1A°) significantly differed from 6A%; ¢, 1A’
significantly differed from 1A% d, 6A2 significantly differed from 6A* e, hSP-A differed from 6A* only; f, hSP-A differed from all SP-A variants

tested.

were used. More than 95% of cells recovered were AMs. In a separate experi-
ment, human alveolar macrophages (isolated from one of the BAL specimens
processed) were also used without overnight incubation with identical results.
PI calculation. To calculate the phagocytic index (PI), we assessed the asso-
ciation (attachment and internalization steps of phagocytosis) of P. aeruginosa
with alveolar macrophages. The assay was performed as described previously
(46). Briefly, suspensions of rat or human AMs (10° cells per ml) and bacteria
(107 CFU per ml) in RPMI medium were mixed (50 ul plus 50 pl) to obtain a
1:10 ratio. SP-A was then immediately added to the mixture, and the mixture was
incubated for 1 h at 37°C for phagocytosis on a LABQUAKE shaker. One
milliliter of ice-cold PBS was then added to stop phagocytosis. AMs were sedi-
mented by centrifugation at 4°C at 250 X g for 8 min and washed twice with 1 ml
of cold PBS followed by sedimentation. Final suspensions of AMs were resus-
pended in 200 pl of PBS and applied to slides using a cytocentrifuge. The slides
were stained using a Hema-3 stain kit (Fisher Scientific, Pittsburgh, PA) for
analysis by light microscopy. Two hundred randomly selected AMs were ana-
lyzed for each experimental point at a magnification of X1,000 under oil immer-
sion (9). The phagocytic index was calculated according to the following formula:
PI = percentage of bacterium-positive macrophages (that associated with at least
one bacterium) X average number of bacteria per bacterium-positive macro-
phage (7). The values for the phagocytic index were expressed as a percentage of
the negative control (i.e., without SP-A), which was set to 100%.
Internalization of P. aeruginosa by rat alveolar macrophages. Suspensions of
rat AMs (2 X 10° cells per ml, 250 pl) and FITC-labeled bacteria (5 X 10° CFU
per ml, 50 pl) in RPMI medium were mixed to get a 1:50 proportion. SP-A was
then immediately added to the mixture, and the mixture was incubated for 1 h at
37°C for phagocytosis on a LABQUAKE shaker. Two milliliters of ice-cold PBS
was then added to stop phagocytosis. AMs were sedimented by centrifugation at
4°C at 250 X g for 8 min and washed once more with 2 ml of cold PBS followed
by sedimentation. One milliliter of cold PBS was then added, and the cell
suspension was divided into two aliquots of 500 pl. One was used for trypan blue
treatment to quench external fluorescence for internalization analysis (500 I of
cold trypan blue at a 0.4-mg/ml concentration in PBS was added), and the other

was mixed with 500 pl of cold PBS (for cell association analysis). After 5 min of
incubation on ice, 1 ml of cold PBS was added, and cells were sedimented by
centrifugation. AMs were washed twice with 2 ml of PBS, fixed in 300 pl of 1%
paraformaldehyde in PBS, and analyzed with fluorescence-activated cell sorter
(FACS) analysis. Data from ~10,000 cells per condition were collected and
analyzed with CellQuest software (Becton Dickson Immunometry Systems).

Statistics. Paired ¢ tests were performed for comparison of the effects of SP-A
at the same concentration, and two-sample ¢ tests were used for comparison of
the effects of SP-A at different concentrations and to compare the activities of rat
and human AMs. Data were expressed as mean =+ standard error (SE) for three
or more independent experiments. Differences were considered significant when
the P value was <0.05.

RESULTS

Phagocytosis. To study the phagocytic activity of CHO cell-
derived SP-A variants, we used live P. aeruginosa and rat or
human alveolar macrophages. A traditional light microscopy
method was used, as we described previously (46). With this
method, the attachment and internalization steps, two steps of
the phagocytosis process (6) that we previously referred to as
“cell association” of intact live bacteria (46), are assessed to-
gether. To measure cell association, we calculated the PI, as
described in Materials and Methods (7). For internalization
assessment, we used freshly prepared FITC-labeled live P.
aeruginosa bacteria and flow cytometry (FACS) analysis with
quenching of extracellular fluorescence. FACS allows for a
more accurate differentiation between internalized and cell-
associated bacteria.
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TABLE 1. Comparison of phagocytic indices between SP-Al
(6A*, 6A%) and SP-A2 (1A°, 1A") variants”
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TABLE 2. Comparison of phagocytic indices between
SP-A variants and hSP-A“

Comparison Activity at indicated concn of SP-A (ug/ml)® SP-A variant Activity at indicated concn of SP-A (pg/ml)®
(SP-Al variant compared
vs SP-A2 variant) 1.56 3.12 6.25 with hSP-A 1.56 3.12 6.25

6A% vs 1A° 72.70 = 3.97* 7737 = 12.61 9524 =5.18 1A° 85.27 = 15.59 64.80 + 3.13* 85.09 = 4.64

6A% vs 1A! 64.67 = 3.48* 61.27 = 9.45% 74.89 *+ 3.09* 1A! 102.66 = 26.94 81.20 + 5.37* 108.65 = 8.70
6A2 64.23 = 15.56 50.08 = 8.52* 81.65 = 8.04

6A* vs 1A° 39.24 = 2.70* 40.52 = 7.89* 64.57 = 3.71* 6A* 34.96 + 8.85* 26.45 + 5.80* 55.39 £ 5.25*%

6A* vs 1A! 34.77 + 1.99* 32.24 + 6.13* 51.01 + 3.46*

“ For phagocytosis of P. aeruginosa, rat alveolar macrophages were used. The
phagocytic index values were compared between SP-Al and SP-A2 variants at
the same concentrations according to the following formula: SP-A1:SP-A2 (ra-
tio) X 100% = SE. The number of experiments for each test and concentration
is shown in Fig. 1.

b P < 0.05, indicating significant differences between phagocytic index values
for SP-A1 and SP-A2 variants at the same concentrations.

Association of P. aeruginosa with rat alveolar macrophages
stimulated by CHO cell-produced SP-Al1 and SP-A2 variants.
We used three different concentrations (1.56, 3.12, and 6.25
pg/ml) of SP-A1 (6A%, 6A*) and SP-A2 (1A°, 1A") variants to
compare their activities (we also used higher SP-A concentra-
tions [highest concentration tested, 33 wg/ml] with results the
same as those found for the lower concentrations [data not
shown]). At all concentrations, SP-A variants significantly in-
creased the PI compared to the negative control, except for the
6A* variant at the 3.12-wg/ml concentration (Fig. 1).

At the 1.56-pug/ml concentration, the SP-A2 variants (PIs of
420 * 37 and 372 = 23 for 1A' and 1A°, respectively) signif-
icantly increased the PI more than either of the SP-Al variants
studied (PIs of 268 = 11 and 144 = 9 for 6A% and 6A%
respectively) (Fig. 1A). 6A% was significantly more active than
6A*, and the activities of 1A" and 1A° did not differ signifi-
cantly. The activity of hSP-A (PI, 499 = 85) differed signifi-
cantly only from the 6A* variant activity.

At the 3.12-pg/ml concentration, 1A" increased the PI (413 +
43) significantly more than either of the SP-A1 variants (PIs of
242 = 30 and 125 = 14 for 6A% and 6A*, respectively), whereas
1A° (PI, 330 = 30) was more active than 6A* only. The 6A?
variant was more active than 6A% and hSP-A increased the
phagocytic index (515 = 52) significantly more than all variants
tested. The PI of 1A" did not differ from that of 1A° (Fig. 1B).

At the 6.25-pg/ml concentration, the activity of 1A (PI, 555 +
5) was significantly higher than the activity of either the 6A2 or the
6A* variant (PIs of 416 = 17 and 283 =+ 18 for 6A% and 6A*,
respectively), and the activities of 1A° (P, 438 + 9) and hSP-A
(PL, 523 = 38) were significantly greater than that of 6A* (Fig. 1C).

Overall comparison of phagocytic indices between SP-Al
and SP-A2 variants. Comparisons of the overall phagocytic
activities of SP-A1 and SP-A2 variants expressed by the CHO
cell system revealed (depending on the concentration used)
that (i) the phagocytic activity of 6A% was 73 to 95% of the 1A°
activity and 61 to 75% of the 1A" activity (Table 1), (ii) the
phagocytic activity of 6A* was 39 to 65% of the 1A activity and
32 to 51% of the 1A activity (Table 1), and (iii) the abilities of
different SP-A variants to increase PI comparable to hSP-A
were as follows: 65 to 85% for 1A%, 81 to 109% for 1A', 51 to
82% for 6A2, and 26 to 55% for 6A* (Table 2). Based on the
data presented, the activities for SP-A variants tested were in
the following order: 1A'>1A">6A*>6A%

“ For phagocytosis of P. aeruginosa, rat alveolar macrophages were used. The
phagocytic index values were compared between each SP-A variant tested and
the positive control (hSP-A) at the same concentration, according to the follow-
ing formula: SP-A variant:hSP-A (ratio) X 100% = SE. The number of exper-
iments for each test is shown in Fig. 1.

b P < 0.05, indicating significant differences between phagocytic indices
induced by hSP-A and SP-A variants at the same concentrations.

Comparison of the activities of mammalian cell- and insect
cell-produced SP-Al and SP-A2 variants. As we published
previously (46), insect cell-derived SP-A2 variants increase the
PI significantly more than do SP-Al variants. Comparison of
the activities of SP-A1 and SP-A2 gene products expressed in
CHO cells with those of SP-Al and SP-A2 gene products
expressed in insect cells (46) revealed that the SP-A2 (1A°)
variant increases the PI significantly more than the SP-Al
(6A?) variant, irrespective of the cell type (insect or mamma-
lian) in which they were expressed. The activity of 6A% was
about 52% of the 1A° activity (46) for insect cell-expressed
SP-A (at the highest SP-A concentration tested [100 wg/ml])
and about 73% (Table 1 and Fig. 2) for the CHO cell-ex-
pressed SP-A (at the lowest SP-A concentration tested [1.56
pg/ml]). Thus, for insect cell-expressed SP-A to exhibit activity
similar to that observed for CHO cell-expressed SP-A, a con-
centration more than 60 times higher is required.

Enhancement of internalization of P. aeruginosa by rat alveolar
macrophages in the presence of CHO cell-produced SP-Al and
SP-A2 variants. A FACS-based analysis was used to determine
the effect of SP-A variants on both cell association (attached and
internalized bacteria) and internalization. For this, 1A° (SP-A2),
6A? (SP-A1), and hSP-A (positive control) at 14-pg/ml concen-
trations were used with freshly FITC-labeled P. aeruginosa. For all
SP-As tested, both cell association (10.8 = 1.5, 9.0 = 1.0, and
16.2 = 1.7 for 1A° 6A?, and hSP-A, respectively) and inter-
nalization (9.7 = 0.7, 7.7 = 0.7, and 12.5 = 1.6 for 1A°, 6AZ,
and hSP-A, respectively) were significantly higher than that for
the negative control (no SP-A) (7.3 = 1.0 and 5.5 * 0.9 for cell
association and for internalization, respectively) (Fig. 3). Dif-
ferences between cell association and internalization values
were observed (P < 0.05) for the negative control (no SP-A)
and the positive control (hSP-A), but no significant differences
were observed between cell association and internalization for
1A° and 6A2 However, differences (P < 0.05) were observed
between 1A° and 6A? both for cell association and for inter-
nalization. The activity of hSP-A was higher than that for
either 1A° or 6A? for cell association and higher for internal-
ization for 6A? only.

Association of P. aeruginosa with human alveolar macrophages
in the presence of CHO cell-produced SP-A1 and SP-A2 variants
and comparison of the activities of human and rat alveolar mac-
rophages. We used 1A (for SP-A2) and 6A? (for SP-Al) at 10
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FIG. 2. Comparison of the activities of SP-A1 and SP-A2 variants expressed in two different systems. Both insect and CHO cell-expressed SP-A
variants were tested with rat AMs. The experimental designs were the same and the phagocytic indices were calculated the same way for both
systems, as described in the legend for Fig. 1. The numbers of independent experiments were four for insect cell-expressed variants and five for
CHO cell-expressed variants. The proportions of AMs to bacteria were 1:100 and 1:10 in insect and CHO cell systems, respectively. All variants
significantly differed from the negative control (without SP-A). Symbols: a, SP-A2 variants significantly differed in terms of activity from SP-Al,;
*, data (for baculovirus-mediated insect cell expression system) are from our previously published paper (46).

pg/ml to test their phagocytic activities with human AMs. To
compare the activities of human and rat AMs, the hSP-A was
used at three different concentrations (5, 10, and 20 pg/ml) with
human AMs and at a single 5-pg/ml concentration with rat AMs.
The PIs of all SP-As tested differed significantly from that for the
negative control, with the exception of that for 5 ug/ml of hSP-A
with human AMs (Fig. 4). The activities of 1A” and hSP-A were
significantly higher than the 6A” variant activity, and the PIs of
1A° and hSP-A did not differ at the same concentration (10
pg/ml). The PI of hSP-A with human AMs at the 5 pg/ml con-
centration differed from that at 10 or 20 pg/ml. The PIs of the
SP-As under study were as follows: 158 = 7 and 125 = 5 for 1A°
and 6A2, respectively, and 115 + 8, 160 = 14, 169 = 13 for hSP-A
at 5, 10, and 20 pg/ml, respectively, when tested with human AMs.
The phagocytic activity of the 6A* was 79% * 4% of the 1A°
activity, and the activities of 1A° and 6A? were 96% = 9% and
75% = 5% of the hSP-A activity, respectively, at the 10-pg/ml
concentration. Comparison of the PIs of rat and human AMs
when hSP-A at the 5-pg/ml concentration was used revealed that
the PI in rat AMs was about six times higher than the PI in hAMs
(PIs of 694 * 46 and 115 = 8 for rat and human AMs, respec-
tively) (Fig. 4).

DISCUSSION

SP-A is a multifunctional protein involved in lung host de-
fense. SP-A enhances phagocytosis of P. aeruginosa. In our
previous study (46), we showed that insect cell-derived SP-A2

variants enhance cell association more effectively than do in-
sect cell-derived SP-A1 variants. However, both insect-derived
SP-A1 and SP-A2 variants enhanced cell association at levels
considerably lower than those for hSP-A, and true phagocyto-
sis (internalization) was not shown. In this report, we investi-
gated the hypothesis that mammalian (CHO) cell-expressed
SP-A variants exhibit activities similar to those of hSP-A and
studied differences in their phagocytic indices by use of rat and
human AMs. The results showed the following. (i) The activity
of the CHO cell-expressed SP-A was similar to that of native
SP-A, and mammalian (CHO) cell-expressed SP-A2 enhanced
phagocytosis (internalization or cell association) of P. aerugi-
nosa by rat or human alveolar macrophages more than did
SP-A1l. These observations indicate that although posttransla-
tional modifications positively influence SP-A activity, they are
not responsible for gene-specific differences, as these differ-
ences are maintained regardless of the presence (this study) or
absence (46) of posttranslational modifications. (ii) Internal-
ization of P. aeruginosa by alveolar macrophages stimulated by
SP-A1l and SP-A2 variants correlated with cell association. (iii)
Differences in the activities of among SP-A variants, as as-
sessed by their phagocytic indices, were observed in the fol-
lowing order: 1A'>1A">6A%>6A" (iv) There exist species
differences in AM phagocytic activity in response to human
SP-A variants, with rat AMs exhibiting an activity significantly
higher (~6X) than that seen for hAMs. However, SP-A2 was
more active than SP-A1 for both rat and human AMs, indicat-
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FIG. 3. Internalization of P. aeruginosa by rat alveolar macrophages stimulated by SP-A1 and SP-A2 variants. Rat alveolar macrophages were
mixed with FITC-labeled P. aeruginosa at the proportion of 1:50 in the presence or absence (negative control) of SP-A (14 pg/ml). After 1 h of
incubation at 37°C, the internalization of bacteria was measured by FACS analysis. Ten thousand cells were analyzed for the presence of
fluorescent bacteria. The data are expressed as the mean fluorescence of all cells counted after the subtraction of background fluorescence
(macrophages only). Trypan blue treatment was performed to quench external fluorescence. Solid bars, mean fluorescence of attached and
internalized bacteria (cell association); open bars, mean fluorescence of internalized bacteria only. Each experiment was performed in triplicate,
and the data are expressed as means * SE for four independent experiments. Differences were considered significant when the P value was <(0.05.
Asterisks indicate significant differences between SP-A2- and SP-Al-induced cell association or internalization data.

ing that rat AMs are an appropriate model for human AMs to
study SP-A variant activity in phagocytosis.

Consistent findings were observed regarding the abilities of
SP-A1l and SP-A2 variants to enhance phagocytosis by use of
light microscopy (46) and flow cytometry (FACS) with host
alveolar macrophage cells from two species—rat and human.
Freshly isolated live and FITC-labeled bacteria (P. aeruginosa)
were used to better reflect occurrences in vivo, as discussed
previously (46). The light microscopy assay is very sensitive,
because it enables one to account for every bacterium phago-
cytized by each single cell analyzed, whereas flow cytometry
allows one to better differentiate internalization from cell as-
sociation. The results from both types of analyses (microscopy
and FACS) showed for the first time that the CHO cell-ex-
pressed SP-A2 enhances both the cell association and the in-
ternalization steps of phagocytosis more than SP-Al does and
that the level of phagocytosis enhancement by the SP-A2 vari-
ants was similar to that seen for hSP-A from BAL specimens.
However, the level of enhancement by SP-A1 or SP-A2 dif-
fered significantly from that observed previously for insect
cell-expressed SP-As (46).

The difference in the levels of activity of insect cell- and
mammalian cell-expressed SP-As is likely due to differences in
posttranslational modifications that can considerably influence
protein function. A role for glycosylation (40) or hydroxylation
of prolines (17) in protein folding, oligomer assembly, struc-
tural stability, specific signal transduction, recognition and se-
cretion processes, or clearance of glycoproteins has been de-
scribed previously. Insect cells are unable to produce several
modifications, including proline hydroxylation and complex N-

linked side chains with terminal sialic acid (28, 43). SP-A is
subject to several posttranslational modifications, including
proline hydroxylation, N-linked glycosylation, sialylation of N-
glycans, and others (14, 50, 51). SP-A expressed by insect cells
lacks proline hydroxylation (17, 45) and presumably complex N
glycosylation, as shown for other proteins (28). Although pro-
line hydroxylation of the collagen-like domain of SP-A has
been shown to be required for the assembly of oligomers that
may be necessary for increasing the effectiveness of SP-A bind-
ing to receptors, this type of modification seemingly does not
affect the general carbohydrate-binding ability of SP-A, be-
cause insect cell-expressed SP-A was still able to bind to im-
mobilized mannose with an efficiency of greater than 95% (17,
45). Whether proline hydroxylation, lack of complex N-linked
glycosylation, or other modifications (i.e., O-linked glycosyla-
tion, C mannosylation) that insect cells are not capable of
performing (16, 40) account for the increased activity of CHO
cell-expressed SP-As remains to be determined.

In spite of significant differences in the posttranslational
modifications between the two systems, the results showed that
the SP-A2 gene products stimulate phagocytosis more effec-
tively than SP-Al, irrespective of the type of the expression
system used (Fig. 2) (46). SP-A variants expressed either in
CHO cells or in insect cells showed the same pattern of dif-
ferences, even though insect cells are unable to produce sev-
eral posttranslational modifications (8, 28, 43) produced by
CHO cells. However, a concentration more than 60 times
higher was required for insect cell-expressed SP-A variants to
show a phagocytic activity comparable to that seen for the
CHO cell-expressed variants. These observations indicate that
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FIG. 4. Enhancement of association of P. aeruginosa with human alveolar macrophages by SP-Al and SP-A2 variants: comparison of the
activities of human and rat alveolar macrophages. The experimental design and phagocytic index calculations were performed as described in the
legend for Fig. 1. Human or rat AMs were used. The numbers of independent experiments were four for human AMs and three for rat AMs. SP-A
variants (1A° and 6A?) were used at the concentration of 10 pg/ml, and hSP-A was used at 5, 10, and 20 wg/ml. Both, SP-A variants and hSP-A
differed significantly (P < 0.05) in their activity from the negative control (without SP-A), with the exception of hSP-A at 5 pug/ml with human AMs.
Symbols: a, the 1A” or hSP-A activity significantly differed from the activity of the 6A? variant at the same concentration; b, human AMs activity
differed significantly from that of rat AMs in the presence of hSP-A at a 5-ug/ml concentration.

although posttranslational modifications influence the activity
from a quantitative point of view, they do not seem to alter the
activity from a qualitative point of view with regard to phago-
cytosis. Therefore, intrinsic differences, such as differences in
the amino acid sequence, may most likely contribute to the
observed gene-specific activity differences. These may include
oligomerization and/or thermal stability differences (17, 18,
45). SP-A1 has been shown to exhibit a thermal stability lower
than that of SP-A2. The measured differences in thermal sta-
bility could indicate significant structural differences that may
influence the overall functional activity of SP-A1 and SP-A2.
Similar observations have been made for the cystic fibrosis
transmembrane conductance regulator (CFTR) (49). Both CHO
cell- and insect cell-expressed CFTR exhibited functional CFTR
channel activity, but the activity of the insect-expressed CFTR was
lower (1, 33, 48). The state of glycosylation of CFTR appeared to
affect its stability at the plasma membrane (42, 66).

It has been proposed that the trimeric form of human SP-A
consists of two SP-A1 molecules and one SP-A2 molecule (60).
However, given that the ratio of SP-Al to SP-A2 mRNA
among individuals differs considerably from the anticipated 2:1
ratio (31), single gene products may exist, and they may form
functional homotrimers and/or homo-oligomers. Indeed, it has
been shown recently that single gene products are functional
and that the SP-A2 product is more active than the SP-Al
product in its ability to modulate cytokine production, inhibit

surfactant secretion, and enhance bacterium-cell association
(46, 61, 64, 65). It was also found that the SP-A2 product is
structurally more stable than the SP-A1 (18). Amino acid dif-
ferences among SP-A variants are located within the signal
peptide, the collagen-like domain, and the carbohydrate rec-
ognition domain (CRD) regions of SP-A. For functional stud-
ies, differences in the collagen domain and CRD are important
because they are found in the mature protein.

Differences in the activities of SP-Al and SP-A2 could be
associated with differences within the collagen-like region
where SP-A1l and SP-A2 gene-specific amino acid differences
are located. One of the key differences between SP-Al and
SP-A2 is amino acid 85 (Cys®*), where SP-Al has a cysteine
and SP-A2 has an arginine (Table 3). The additional Cys® in
SP-A1l may be involved in the formation of an SP-A intertri-
meric or intratrimeric disulfide bond and may account in part
for the observed oligomerization pattern differences between
SP-A1l and SP-A2 variants (61). These, in turn, may account
for the SP-A1 and SP-A2 functional differences. Indeed, we
have recently observed that a substitution of Arg®> to Cys® in
SP-A2 results in a functional activity similar to that observed
for SP-A1, and substitution of Cys® to Arg® in SP-A1 changed
the activity of SP-Al to one similar to that of SP-A2 (our
unpublished data). Alternatively, amino acid Cys®**/Arg® may
alter the structural stability of SP-A1 and SP-A2 (18); struc-
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TABLE 3. SP-Al and SP-A2 amino acid differences®

SP-A Nucleotide or codon corresponding to indicated amino acid position”
variant or
SNP¢ 9 19 50 66* 73* 81* 85* 91 219 223
SP-Al
6A> A T G TG G A T C C C
6A* A T C TG G A T C T C
SP-A2
1A9 A C G CA A G C G C C
1A! C C G CA A G C G C A
SNP AAC (Asn)  GCG (Ala) CTC (Leu) ATG (Met)  GAT (Asp)  ATC (Ile) TGT (Cys)  CCT (Pro) CGG (Arg) CAG (Gln)
SNP ACC (Thr) GTG (Val) GTC (Val) ACA (Thr)  AAT (Asn) GTC (Val) CGT (Arg) GCT (Ala) TGG (Trp)  AAG (Lys)

“ See reference 15 for more details.

® Boldface indicates a critical position. In the last two rows (SNPs), underlining indicates the nucleotide changes among SP-A1 and SP-A2 variants, and the encoded
amino acids are in parentheses. Amino acids 1 to 18/20 comprise a signal peptide; the carboxy terminus of the signal peptide exhibits heterogeneity, therefore resulting
in SP-A variants that differ at the N-terminal amino acid (61). Amino acids 19/21 to 27 comprise an N-terminal region with interchain disulfide bonds, amino acids 28
to 100 a collagen-like domain, amino acids 101 to 133 a triple-helical neck region, and amino acids 134 to 248 a C-terminal carbohydrate recognition domain. Amino
acid positions indicated by asterisks (66, 73, 81, and 85) are SP-A1 and SP-A2 gene specific.

¢ SNP, single nucleotide polymorphism.

tural differences, in turn, may have an impact on the functional
capabilities of the CRD region.

Moreover, differences between variants of SP-A1 or SP-A2
may be due to amino acid differences in CRD (Table 3). The
SP-A2 variants, 1A° and 1A', differ in CRD at position 223
(Gln for 1A° and Lys for 1A"), and the SP-A1 6A? differs from
6A* at CRD amino acid position 219 (Arg for 6A% and Trp for
6A%). Although the nature of functional differences between
variants of a given SP-A gene is not known, the Arg?'®/Trp*"°
has been shown to alter SP-A protein behavior, as assessed by
use of absorption spectra (56), and in an another system, a
single Gln-to-Lys mutation resulted in a change of cofactor
specificity (25).

Alveolar macrophages are important components of the
lung innate host defense. However, AMs isolated from differ-
ent species can differ in their abilities to phagocytize bacteria
(47). Although the responses of rat and human AMs to SP-Al
and SP-A2 stimulation were similar qualitatively, species-spe-
cific differences in terms of quantity were observed. The SP-A2
variants enhanced the association of P. aeruginosa with both rat
and human AMs more effectively than did SP-A1 (for com-
parison, see Fig. 1, 3, and 4), but the overall activity of rat AMs
in response to SP-A variants was higher than that of human
AMs. Therefore, although species differences may exist in the
degree of activity, qualitatively the SP-A1 and SP-A2 responses
are similar with both rat and human AMs, indicating that rat
AMs are an appropriate model for human AMs when the
phagocytic effects of SP-A variants are studied.

In conclusion, we have shown that although differences exist
among SP-A variants, SP-A2 gene-specific variants stimulate
phagocytosis of P. aeruginosa by rat or human alveolar macro-
phages more than do SP-Al variants and that mammalian
posttranslational modifications positively influence the activity
of SP-A in phagocytosis. We speculate that given the differ-
ences in function, the overall SP-A functional activity in the
lung depends upon the relative levels or the ratio of SP-Al to
SP-A2 rather than upon the total SP-A content (i.e., without
regard to the SP-A1 and SP-A2 proportions). We further spec-
ulate that a derangement in the regulation of SP-A1 or SP-A2
gene expression could result in an “inadequate” (or “unfavor-

able”) SP-A1-to-SP-A2 ratio for normal host defense and that
this putative functional compromise contributes to lung dis-
ease severity.
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