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Distinct Effects of Surfactant Protein A or D Deficiency During
Bacterial Infection on the Lung*

Ann Marie LeVine, 2 Jeffrey A. Whitsett, Jodie A. Gwozdz, Theresa R. Richardson,
James H. Fisher! Michael S. Burhans, and Thomas R. Korfhagen

Mice lacking surfactant protein (SP)-A (SP-A~'~) or SP-D (SP-D /™) and wild-type mice were infected with group B streptococcus

or Haemophilus influenzady intratracheal instillation. Although decreased killing of group B streptococcus andH. influenzaewas
observed in SP-A’~ mice but not in SP-D~/~ mice, deficiency of either SP-A or SP-D was associated with increased inflammation
and inflammatory cell recruitment in the lung after infection. Deficient uptake of bacteria by alveolar macrophages was observed

in both SP-A- and SP-D-deficient mice. Isolated alveolar macrophages from SP-A" mice generated significantly less, whereas
those from SP-D'~ mice generated significantly greater superoxide and hydrogen peroxide compared with wild-type alveolar
macrophages. In SP-D’~ mice, bacterial killing was associated with increased lung inflammation, increased oxidant production,
and decreased macrophage phagocytosis. In contrast, in the absence of SP-A, bacterial killing was decreased and associated with
increased lung inflammation, decreased oxidant production, and decreased macrophage phagocytosis. Increased oxidant produc-
tion likely contributes to effective bacterial killing in the lungs of SP-D~~ mice. The collectins, SP-A and SP-D, play distinct roles
during bacterial infection of the lung. The Journal of Immunology,2000, 165: 3934-3940.
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urfactant protein (SP)-A and SP-D are members of thekill bacteria in association with cellular activation, release of in-
collectin subgroup of the mammalian C-type lectins thattracellular proteases, and reactive oxygen species. Reactive oxy-=
also includes mannose-binding lectin and conglutinin (1,gen species are released by activated alveolar macrophages, diS
2). The collectins are thought to be involved in innate host defenseectly killing bacteria. In vitro, both SP-A and SP-D can stimulate
against various bacterial and viral pathogens. The collectins fornalveolar macrophages to generate oxygen radicals, measured a
multimeric structures resembling C1q (the first component of thechemiluminescence (12, 13). Similarly, in vivo, alveolar macro-
complement cascade), consisting of multimeric collagenous amiphages from SP-A-deficient mice have impaired generation of re-
no-terminal domains and globular carboxy-terminal, carbohydrateactive oxygen species (14).
binding domains (2). The C-type lectins bind carbohydrate sur- Despite considerable in vitro evidence that SP-A is involved in
faces of many microorganisms mediating phagocytosis and killinghost defense, its role in vivo has only recently been demonstrated.
by phagocytic cells (3). SP-A-deficient mice produced by targeted gene inactivation are

SP-A and SP-D are produced primarily by alveolar type Il cellssusceptible to bacterial and viral pneumonia (15, 16). In vitro ev-
and nonciliated bronchiolar cells in the lung. SP-A binds to spe-idence supports a role of SP-D in pulmonary host defense, possibly &
cific cell surface receptors on alveolar macrophages (4) and type thediated by different mechanisms than SP-A. In this study, to S
epithelial cells (5). In vitro, SP-A stimulates macrophage chemo-assess the role of SP-A and SP-D in vivo, SP-A- or SP-D-deficient >
taxis (6) and enhances the binding of bacteria and viruses to almice were infected intratracheally with group B streptococcus
veolar macrophages (3). SP-D binds to alveolar macrophages (7(GBS) or Haemophilus influenzae. Microbial killing, inflamma-
binds and increases macrophage associationBstiherichia coli  tion, uptake of bacteria, and oxygen-radical generation by alveolar
(8), Mycobacterium tuberculosi§9), and Pneumocystis carinii  macrophages were compared in SP-A and SP-D’/~ mice
(10), but does not enhance phagocytosis of these organisms in vivo.
vitro. SP-D binds and increases phagocytosis of straifsetido-
monas aeruginosaithout causing bacterial aggregation (11).  Materials and Methods

Alveolar macrophages are thought to play a critical role in hostAnimal husbandry

defense of the lung. Alveolar macrophages bind, phagocytose, ar‘\geparate strains of mice lacking SP-A or SP-D were produced by targeted

gene inactivation. Lungs of SP-A" or SP-D’~ mice do not contain
detectable mRNA or protein (15, 17). In this study, wild-type, SP-D
*Children’s Hospital Medical Center, Division of Pulmonary Biology and Critical and SP-A’~ mice with National Institutes of Health Swiss Black genetic
Care Medicine, Cincinnati, OH 45229; afBivision of Pulmonary Biology/Critical background were studied. Mice were housed and studied under Institu-
Care Medicine, University of Colorado, Denver, CO 80262 ! : R . . N
tional Animal Care and Use Committee-approved protocols in the animal
Received for publication March 27, 2000. Accepted for publication July 14, 2000. facility of the Children’s Hospital Research Foundation (Cincinnati, OH).
The costs of publication of this article were defrayed in part by the payment of pagdVlale and female mice of-20-25 g (35-42 days old) were used.
charges. This article must therefore be hereby maddkrtisemenin accordance
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with 18 U.S.C. Section 1734 solely to indicate this fact. Preparation of bacteria
*This work was supported by Cystic Fibrosis Foundation Grants HL03905 (toA stock culture of GBS andH. influenzaewere obtained from clinical
AM.L.), HL58795 (to T.K.), HL61646 (to J.A.W.), and HL56387 (to J.AW.). isolates provided by Dr. J. R. Wright (Department of Cell Biology,

2 Address correspondence and reprint requests to Dr. Ann Marie LeVine, Children’'durham, NC). Bacteria were suspended in media containing 20% glycerol
Hospital Medical Center, Division of Pulmonary Biology, 3333 Burnet Avenue, Cin- and frozen in aliquots at 70°C. Bacteria from the same passage were used

cinnati, OH 45229-3039. E-mail address: levia0@chmcc.org to minimize variations in virulence related to culture conditions. Before
3 Abbreviations used in this paper: SP, surfactant protein; GBS, group B streptococeach experiment, an aliquot was thawed and plated on tryptic soy-5% de-
cus; MIP, macrophage inflammatory protein; BAL, bronchoalveolar lavage. fibrinated sheep blood agar (GBS) or chocolate agar platemfluenzae),

Copyright © 2000 by The American Association of Immunologists 0022-1767/00/$02.00
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inoculated into 4 ml of Todd-Hewitt (GBS) or trypticase soy (H. influen- added to quench fluorescence of extracellular FITC and eliminate fluores-
zae) broth (Difco Laboratories, Detroit, MI), and grown for 14—-16 h at cence resulting from bacteria attached to the external surface of the cells.
37°C with continuous shaking. The broth was centrifuged, and the bacteria . .

were washed in PBS at pH 7.2 and resuspended in 4 ml of the buffer. T&Ytokine production

fac[lltate studies, a growt_h curve was generateq so the bacterlgl concerll_-ung homogenates were centrifuged at 80@, and the supernatants were
tration could be determined spectrophotometrically and confirmed by,

o . ) tored at—20°C. TNF, IL-18, IL-6, and macrophage inflammatory protein
quantitative culture of the intratracheal inoculum. (MIP)-2 were quantitated using quantitative murine sandwich ELISA kits
(R&D Systems, Minneapolis, MN) according to the manufacturer’s direc-
tions. All plates were read on a microplate reader (Molecular Devices,
Mouse SP-D was obtained from bronchoalveolar lavage (BAL) from GM-Menlo Park, CA) and analyzed with the use of a computer-assisted analysis
CSF, SP-A double null mutant mice and purified by sequential affinity program (Softmax; Molecular Devices). Only assays having standard
chromatography on maltosyl-agarose and gel filtration chromatography agurves with a calculated regression line vaiu@.95 were accepted for
described by Strong (18). Endotoxin contamination was not detected inalysis.

SP-D preparations (<.06 endotoxin units/ml) using ltieulus Amoebo- AL nitri

cyte Lysate assay (Sigma, St. Louis, MO) according to manufacturer'g nitrite

directions. Nitrite in BAL fluid was measured by the Griess reaction using a com-
. . . L. mercially available assay (Bioxytech NO Assay; OXIS International, Port-
_Labellng of bacteria V\_"th FITC and agglutination &f. land, Ol}é). Methods foII)clJv(ved t)r/1e manufacturgr’s recommendations. The
influenzaeand GBS with SP-D OD at 550 nm (ORyy) Was measured using a Spectramax 250 microplate
eader (Molecular Devices, Sunnyvale, CA). Nitrite concentrations were
alculated by comparison with the QI3 of standard solutions of sodium
trite.

Purification of mouse SP-D

Bacteria were grown in broth overnight as described for preparation of
bacteria. The OD at 600 nm of the resulting supernatant was measured
determine bacterial concentration. The suspension was then pelleted a
maximum speed in a microfuge, and the pellet was resuspended in 0.9 nguperoxide and hydrogen peroxide generation
PBS, pH 7.2, and heated to 95°C for 10 min to kill the bacteria. The
heat-killed bacteria were then pelleted and resuspended in 1 ml 0.1 Mpuperoxide anion and hydrogen peroxide,@3) production by alveolar
sodium carbonate, pH 9.0. FITC (Molecular Probes, Eugene, OR) waghacrophages was determined as described (14). Eighteen hours after in-
added as a 10 mg/ml stock in DMSO to a final concentration of 0.01tratracheal inoculation of GBS (1€FU), alveolar macrophages were col-
mg/ml, and the suspension was incubated for 1 h in the dark at roontected by BAL with 1 ml of dye-free RPMI media (Life Technologies,
temperature with gentle agitation. Labeled bacteria were washed four timegrand Island, NY) times three. BAL fluid from eight mice was pooled to
for 5 min each time with PBS, pH 7.2, to remove unconjugated fluoro-provide sufficient numbers of macrophages for analysis. The lavage was
phore, and finally diluted in PBS and stored in aliquots of 08t —80°C.  centrifuged at 800< g for 10 min, and the pellet was resuspended in 200
To examine SP-D agglutination of bacteria, equal volumes of bacteriai! of PBS. Differential analysis of the cells reveale®5% macrophages.
suspension (FITC-GBS I@FU/mI, FITC-H. influenza@(® CFU/ml) and One hundred thousand cells were placed in wells of a 96-well plate with 1.2
SP-D (10ug/ml) with 2 mM CaC}, were mixed for 15 min at room tem- mg/ml (~100umol/L) cytochromec, with or without 20ug/ml superoxide
perature, centrifuged on glass slides, and examined by fluorescence milismutase, in a final volume of 200l of HBSS. Superoxide anion pro-
croscopy. Control incubations were performed in calcium-free buffer. ~ duction was determined after activation with 100 ng/ml PMA. OD at 550
nm was determined using a THERMOmax microplate reader (Molecular
Bacterial clearance Devices) linked to a laboratory computer. Measurements were made ini-
. . . . tially, 5, 10, and 15 min, then every 15 min until 2 h at 37°C. OD was
Administration of GBS (10 CFU) or H. influenzag(10° CFU) into the  converted to nanomoles of cytochromeeduced using a molar extinction
respiratory tract _of the mice was _performed by intratracheal inoculation ag.gefiicient of 21.1 mM cm™*. Each measurement was the mean of at least
previously described (15). Quantitative cultures of lung homogenates wergy , replicates with eight determinations at each time. Data were expressed<
performed 6 a_nd 24 h after |nocu|a_t|0n of t_he anlmals vylth bacter'la. Miceas nanomoles cytochromereduced per 1x 10° cells. Superoxide pro-
were exsanguinated after a lethal intraperitoneal injection of sodium pengyction was assessed by subtracting activity in the presence of superoxide{}
tobarbital. The lung was removed, weighed, and homogenized in 2 ml ofjismytase from total oxygen radical production. Hydrogen peroxide pro- o
sterile PBS. One hundred microliters of homog(_enate and further dilutiongy,ction by macrophages was measured using a commercially available ;
were plated on blood (GBS) or chocolate (H. influenzae) agar plates t%ssay (Bioxytech KD, -560 assay; OXIS International) based on the ox-
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quantitate bacteria. idation of ferrous ions (F&) to ferric ions (FE™) by hydrogen peroxide. €
Ferric ions bind with the indicator dye, xylenol orange, which was mea- ﬁ

Bronchoalveolar lavage sured at 560 nm. Sorbitol was added to the reaction to scavenge oxyl |,
Lung cells were recovered by BAL. Animals were sacrificed as described@dicals and convert them to hydrogen peroxide and hydroperoxyl radicals, %

for bacterial clearance, and lungs were lavaged three times with 1 ml oficreasing the yield of ferric ions te-15 moles per mole 5D,
sterile PBS. The fluid was centrifuged at 880g for 10 min and resus- Western blot
pended in 1 ml of PBS. Differential cell counts were performed on cytospin
preparations stained with Diff-Quick (Scientific Products, McGaw Park, IN). Western blot analysis for SP-A and SP-D was performed on tissue homog-
. . . enates. Lung tissue was homogenized in (R)PBS to which was added
Association of bacteria with alveolar macrophages 3.5 ml of 10 mM Tris-Cl (pH 7.4), 0.25 M sucrose, 2 mM EDTA, 1 mM
PMSF, 10uM leupeptin, and 1QuM pepstatin A. The homogenate was
centrifuged at 250< g for 10 min at 2°C, and the supernatant was cen-
trifuged at 120,000< g for 18 h. The pellet was resuspended in the above
puffer (without sucrose) and subjected to SDS-PAGE on 10-27% gradient
gels. Proteins were transblotted to polyvinylidene difluoride membranes
Bio-Rad, Hercules, CA) and blocked with TBST containing 5% BSA.
P-A and SP-D were detected with guinea pig anti-rat SP-A serum and
rabbit anti-rat SP-D serum (the latter provided by Dr. E. Crouch, Depart-
ment of Pathology, Barnes Jewish Hospital of St. Louis, Washington Uni-
versity, St. Louis, MO) using HRP-conjugated secondary Ab (Calbiochem,
CD16/CD32 Abs (PharMingen, San Diego, CA) for 1 h on ice and washed>an Diego, CA). Membra_nes wertsed and developed_ using en_hanced
two times in fresh buffer. Cell-associated fluorescence was measured onGyemiluminescence detection reagents (Amersham, Arlington Heights, IL).
FACScan flow cytometer, using CellQuest software (Becton Dickinsonylmmunoreaotwe bands were identified by exposing the membranes to XAR
San Jose, CA) without trypan blue. For each sample of macrophagedm (Kodak, Rochester, NY).
20,000 cells were counted in duplicate, and the results were expressed a@§atistical methods
the percentage of macrophages with cell-associated bacteria. To discrimi-
nate between intra- and extracellular fluorescence, cells were divided intbung colony counts, total cell counts, cytokines, superoxide, and hydrogen
two equal aliquots, one of which was incubated in buffer containing 0.2peroxide were compared using the median scores nonparametric test. Find-
mg/ml of trypan blue for 3 min and the other in buffer. Trypan blue was ings were considered statistically significant at probability levels05.

GBS andH. influenzaeassociated with alveolar macrophages in vivo were
quantitated with light microscopy by counting the cell-associated organ
isms on cytospin preparations of lavage fluid 1 h after intratracheal inoc
ulation. Organisms were scored as cell associated only if observed withi
the perimeter of the cells. In addition, bacterial binding and internalization
by macrophages in vivo was measured by intratracheally inoculating mic
with FITC-labeled GBS oH. influenzaefollowed by an evaluation of

cell-associated fluorescence with a flow cytometer. One hour after in
fection, macrophages from BAL fluid were incubated in buffer (PBS, 0.2%
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Results
Pulmonary pathology

The intratracheal dose of GBS for study {10FU) was deter-

mined based on previous studies (15). To determine an appropriate

dose ofH. influenzae, wild-type mice were inoculated intratrache-
ally with H. influenzaeat concentrations of 6108 CFU (4 mice/
group). The 18 CFU dose resulted in 50% mortality, deaths oc-

curring after 48 h. Intratracheal administration of bacteria was
well-tolerated and all animals survived the 24-h study period at

these doses.

In SP-A~'~ mice, increased numbers of cells were observed in

BAL fluid 6 h after GBS and 6 and 24 h aftét. influenzaen-
fection (Fig. 1). Likewise, cell counts in BAL fluid were increased
in SP-D/~ mice 6 h after GBS and 24 h aftét. influenzaein-
fection compared with wild-type mice. A significantly greater per-

centage of polymorphonuclear leukocytes was detected in BAL

fluid from SP-A~'~ compared with wild-type mice 24 h aftét.
influenzaeinfection (Fig. 2). Cell differentials were not different
for SP-D/~ and wild-type mice infected withd. influenzaeor
among the groups with GBS infection.

SP-D agglutinates GBS artd. influenzae
SP-D (10ug/ml) agglutinated FITC-labeled GBS aitl influen-

zaein a calcium-dependent manner (Fig. 3). No agglutination was
observed in the absence of calcium or SP-D. Previous studies dem-

onstrated that SP-A binds to GBS (14) addinfluenzag19).
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FIGURE 1. Increased total cell counts in BAL fluid from SP=A" and

SP-D™/~ mice. Lung cells were recovered by BAL, stained with trypan
blue, and counted under light microscopy. SP-A mice (M) had in-

creased total cell counts in BAL fluid 6 h after GBS (A) and 6 and 24 h after

H. influenzae(B) infection. SP-D’~ mice ((J) had increased total cell
counts in BAL fluid 6 h after GBS (A) and 24 h aftel influenzae(B)
infection compared with wild-type mice (7). Data are mearSEM with

n = 8 mice per groups, p < 0.05 compared with wild-type mice.
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FIGURE 2. Increased neutrophils in BAL fluid from SP-A" mice fol-

lowing H. influenzaenfection. Cytospin preparations of BAL fluid were
stained with Diff-Quik to identify macrophages, lymphocytes, and poly-
morphonuclear leukocytes. The percentage of neutrophils in BAL fluid
following GBS infection was similar for wild-type (), SP-D (L), and
SP-A~~ mice (M) (A). The percentage of neutrophils in BAL fluid was
significantly greater 24 h after administrationkdf influenzado SP-A"/~

(M) compared with wild-type (@) mice (B). Data are meanSEM with

n = 8 mice per groupg, p < 0.05 compared with wild-type mice.

Decreased bacterial clearance in SP“A mice

Numbers of GBS andH. influenzaewere increased in SP-A~
compared with wild-type and SP- mice. The difference in
bacterial counts between SP-A and wild-type mice was most
evident 6 h after infection, indicating that bacteria were killed in
the lungs of SP-A’~ mice at a slower rate than from the lungs of
wild-type mice. SP-D’~ mice killed GBS andH. influenzaeas
efficiently as wild-type mice (Fig. 4).
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Decreased association of bacteria with alveolar macrophages in
SP-D/~ and SP-A’~ mice

Numbers of bacteria associated with alveolar macrophages, as-
sessed by light microscopy, were decreased in SP-Aand
SP-D/~ mice 1 h after infection with GBS anHl. influenzae
compared with wild-type mice (Fig. 5). Similarly, the number of
GBS andH. influenzaeassociated with alveolar macrophages, as-
sessed by flow cytometry, were significantly less in SP-Dand
SP-A"'" than in wild-type mice (Fig. 5). In the presence of trypan
blue, which quenches extracellular fluorescence from surface-
bound bacteria, the percentage of intracellular GBS was similar in
SP-D/~ and wild-type macrophages (13:31.7 vs 14.7+ 1.3%,
respectively, meant SEM). SP-D increased the association of
GBS with alveolar macrophages but did not alter phagocytosis. In
contrast, the number ¢f. influenzaénternalized by alveolar mac-
rophages was significantly less in SP’D and SP-A'~ than in
wild-type mice, suggesting that macrophage phagocytosid.of
influenzaevas impaired in the absence of SP-D or SP-A (Fig. 5B).
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FIGURE 3. SP-D agglutinates GBS and. influenzae. Fluorescence £
micrograph of FITC-labeled GBS (10CFU) with SP-D treatment (10 S
wg/ml) without calcium (A).B, FITC-labeled GBS (I0CFU) incubated 9 § *
with SP-D (10ug/ml) and 2 mM CaCJ, demonstrating agglutination of the ‘g‘ 51,250
bacteriaC, FITC-labeledH. influenzag10® CFU) with SP-D treatment (10 8 £
wg/ml) without calcium.D, FITC-labeledH. influenzag(10® CFU) incu -
bated with SP-D (1ug/ml) and 2 mM CaCJ, demonstrating agglutination 5
of the bacteria. No agglutination was observed in the absence of SP-D. 8
0 Lo =
Cytokine levels in lung homogenates 6 HOUR 24 HOUR

Infection with GBS andH. influenzaesignificantly increased the FGURE 4. GBS andH. influenzaekilling in lungs of SP-A”~ and
proinflammatory cytokines, TNF, ILA, IL-6, and MIP-2 inlung  sp-D/~ mice. Concentration of GBS artd. influenzaewere determined
homogenates from SP-A~, SP-D/~, and wild-type mice. Six by quantitative cultures of lung homogenates. Colony counts were signif-
hours after infection with GBS anH. influenzae, levels of TNF icantly greater 6 h after administration ofMOFU GBS (A) and 6 and 24 h
and IL-6 were significantly greater in lung homogenates fromafter 1& CFUH. influenzagB) in SP-A'~ (M) compared with wild-type
SP-A’~ and SP-D’~ compared with wild-type mice (Fig.)6 (@) mice. SP-D'~ mice ([J) killed GBS andH. influenzaeas efficiently as
IL-1B was increased aftéd. influenzadnfection in lung homog- wiId-ty/pe mice @). Clgarance of GBS from the lung at 24 h is impairgd in
enates from SP-A'~ and SP-D’~ mice. MIP-2, a neutrophil che SP-A""" mice as previously demonstrated (15) (data not presented in the

moattractant, was significantly greater in lung homogenates fror’r"?raph)' %atgtﬁre .T;iaﬂ SEM withn = 10 mice per groups, p < 0.05
SP-A”~ but not SP-D’~ mice afterH. influenzaeinfection.  _Po o0 Wi WIGTYPE mice-

Basal cytokine levels in the lungs of control mice inoculated with
sterile PBS were low/absent and not different among SP-A
SP-D/~, and wild-type mice (data not shown).
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SP-A and D levels following infection

. . o P Western blot analysis was used to assess whether SP-D or SP-
Increased nitrite in BAL fluid from SP-A" and SP-D'" mice changed following GBS oH. influenzadnfection. SP-D was not
NO production after GBS an#i. influenzaeinfection was esti-  detected in SP-D'" mice but was detected in lung homogenates
mated as nitrite in BAL fluid. NO reacts with superoxide to form from both wild-type and SP-A'~ mice; concentrations of SP-D
peroxynitrite, which is a potent bactericidal radical. Compareddid not change 24 h after GBS di. influenzaeinfection in
with wild-type mice, BAL fluid from SP-D’~ mice had increased SP-A~’~ mice (data not shown). As expected, SP-A was net de
nitrite levels 6 and 24 h after GBS ahtl influenzaénfection (Fig.  tected in homogenates of the SP/A mice. Similarly, SP-A was
7). Similarly, increased nitrite levels were observed in BAL fluid detected in lung homogenates from both wild-type and SP-D
from SP-A"'~ mice 24 h after GBS and 6 and 24 h aftér in- mice and was not changed 24 h after GB3Hoiinfluenzaednfec-
fluenzaeinfection. Baseline nitrite levels in BAL fluid after PBS tion in SP-D/~ mice (data not shown).

treatment were 2.4 0.2, 2.8+ 0.2, and 2.7+ 0.1 uM for wild-

type, SP-D’~, and SP-A’~ mice, respectively, meatr SEM. Discussion

Pulmonary killing of intratracheally administered GBS atdin-
fluenzaewas reduced in SP-A~ mice compared with wild-type
mice, whereas killing of either organism was not defective in
Superoxide and hydrogen peroxide production were assessed 8P-D '~ mice. Pulmonary inflammation was increased in both
macrophages isolated from BAL fluid 18 h after intratracheal ad-SP-A- and SP-D-deficient mice compared with wild-type controls
ministration of GBS (16 CFU). After stimulation with PMA, su  as indicated by increased total cell counts, proinflammatory cyto-
peroxide radical and hydrogen peroxide production by alveolakines, and nitrites in the lung after bacterial infection. In the ab-
macrophages were significantly decreased in SP-Aand in sence of SP-A or SP-D, association of bacteria with alveolar mac-
creased in SP-D'~ compared with wild-type mice (Fig.)8Mac- rophages was decreased, reflecting a defect in opsonization and/or
rophage hydrogen peroxide production from PBS-treated controlphagocytosis in both models. Superoxide and hydrogen peroxide
was greater for SP-D~ compared with wild-type mice (25.% production was decreased in alveolar macrophages isolated from
5.0* and 3.4%= 0.3 uM, respectively, mearx SEM, withn = 4 SP-A~'~ mice and increased from alveolar macrophages from
determinants/group; *p< 0.05 compared with wild type mice).  SP-D '~ mice. These findings support the concept that both SP-A

220z ‘v sNBNY U0 150nB Aq /6

Superoxide and hydrogen peroxide production by alveolar
macrophages
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= * mogenates from SP-D~ ((J), SP-A~'~ (M), and wild-type &) mice follow-

§ 0 ing GBS andH. influenzaenfection. Increased concentrations of the proin-
] flammatory cytokines TNF and IL-6 were found in lung homogenates from
o GBS H Influenzae

SP-D'~ and SP-A'~ mice 6 h after GBS infectionA). Similarly, TNF,
FIGURE 5. Decreased uptake/phagocytosis of bacteria in SP-Aand  IL-1, and IL-6 concentrations were increased in SP-Aand SP-D’" com
SP-D/~ mice. GBS andH. influenzaeassociated with alveolar maero ~Pared with wild-type mice afteH. influenzaeinfection (B. MIP-2 was in-
phages in vivo were quantitated by counting cell-associated organisms ifreased in the lungs of SP-A" mice afterH. influenzaenfection. Data are
cytospin preparations of BAL fluid and by flow cytometry as described in €Xpressed as picograms per mililiter and represent me8&M withn = 10
Materials and Methods. One hour after intratracheal inoculation, signifi-mice per groups, p < 0.05 compared with wild type.
cantly fewer alveolar macrophages contaikkdnfluenzagrom SP-D/~
(O) and SP-A’~ (M) compared with wild-type (Z) mice as evaluated by
light microscopy (A). Similarly, fewer alveolar macrophages contakhed
influenzaefrom SP-A"'~ (M) and SP-D’~ ((J) compared with wild-type

(@) mice as evaluated by flow cytometrig)( Numbers of GBS associated Bindi d ke ofd. infl v al | h
with alveolar macrophages were significantly less from SP-]) com- inding and uptake oH. influenzaeoy alveolar macrophages

pared with wild-type (%) mice analyzed without trypan blue. Macrophages'as decreased in SP-D mice. However, SP-D did not enhance
from SP-A7~ mice have impaired phagocytosis of GBS as previously de macrophage phagocytosis bf influenzaein vitro (11). Macro-
scribed (14) (data not presented in the graph). Data represent-m&m phages from SP-D'~ mice had less cell-associated (bound and
with n = 8 mice per groups, p < 0.05 compared with wild-type mice. internalized) GBS, however, phagocytosis of the GBS was similar
to wild-type macrophages. Macrophages from SP-Dmice are
lipid laden, which may affect the ability to phagocytose bacteria
(17). SP-D may agglutinate and bind various bacteria but may be
and SP-D play distinct and important roles in the initial pulmonary more selective in functioning as an opsonin to enhance phagocy-
host defense against these bacterial pathogens. tosis. In vitro, SP-D enhanced macrophage associationEvitioli
SP-A and SP-D are members of the C-type lectin family of (8), Mycobacterium tuberculosi§9), and Pneumocystis carinii
polypeptides that includes mannose binding lectin and conglutinin(10) but did not enhance phagocytosis. In contrast, SP-D enhanced
C-type lectins share structural features including collagenous amiphagocytosis of three of six strains Bf aeruginosaby alveolar
no-terminal and “globular” carboxy-terminal domains, the latter macrophages, suggesting that SP-D-mediated phagocytosis is bac-
serving as a carbohydrate recognition domain that functions irerial strain-specific. Interestingly, SP-D did not enhance aggrega-
opsonization. In the presence of calcium, SP-A binds to a varietyion of P. aeruginosadespite enhancing phagocytosis (11). SP-D
of monosaccharides including mannose, fucose, glucose, and gaggregates bacteria, perhaps facilitating mucociliary clearance and
lactose. Likewise, SP-D binds complex carbohydrates but withpreventing microbial adherence, invasion, and colonization of the
affinities that are distinct from SP-A; SP-D binding maltose, glu- airway/alveolar epithelium, thus enhancing host defense indepen-
cose, and mannose (2). The polysaccharide capsule of GB8.and dent of phagocytosis.
influenzaeconsists of repeating monosaccharides that are likely After bacterial infection, neutrophil accumulation was similar in
recognized by the carbohydrate recognition domain of SP-A otthe lungs of the SP-D'~ and wild-type mice. In vitro, SP-D is
SP-D. In this study, SP-D agglutinated both GBS khéhfluenzae  chemotactic for neutrophils (20), and enhanced uptake of bacteria,

in the presence of calcium, and previous studies demonstrated
SP-A binding to GBS (14).
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o . . . p
FIGdUSRE 7,; Ipcr(:aﬁed-mtr!t? copcentr‘atllon‘s In BA]!‘I f,lg'd from SP=D d in cells isolated from BAL fluid 18 h after intratracheal administration of
and SP-A"" mice following infection. Nitrite in BAL fluid was measure GBS. Cells in BAL fluid from SP-D’~, SP-A""~, and wild-type mice

by the Griess reaction as describedMaterials and Methods. BAL fluid
from SP-D’~ mice ((J) contained increased nitrite concentrations 6 and
24 h after GBS (A) andH. influenzag(B) infection compared with wild-
type mice (&). Similarly, SP-A’~ mice (M) had increased nitrite levels in
lavage fluid 24 h after GBS (A) and 6 and 24 h afterinfluenzae(B)
infection. Data represent meanSEM withn = 8 mice per groups, p <
0.05 compared with wild type.

consisted 0f>95% macrophages. Superoxide production by alveolar mac-
rophages was measured by the reduction of cytochromehe presence
and absence of superoxide dismutase as describédterials and Meth-
ods. Data are expressed as nanomoles cytochmmeuced per X 10°
cells. Hydrogen peroxide production by macrophages (10°) was mea
sured as described Materials and Methods. After stimulation with PMA,
hydrogen peroxide (A) and superoxide radical (B) production by alveolar
macrophages were significantly decreased in SP-AM) and increased in
SP-D/~ (J) compared with wild-type mice (7). Data are meanSEM

including E. coli, S. pneumoniaeand S. aureusby neutrophils ~ for €ight experiments, p < 0.05 compared with wild-type mice.

(21). However, this study demonstrates that SP-D is not a critical
determinant of neutrophil chemotaxis or killing because bacterial
clearance was not impaired in the absence of SP-D. These datétro, and this response was not inhibited by surfactant lipids (13).
suggest fundamental differences in SP-D effects on macrophagéecause phospholipids are increased in the lungs of SP-D
and neutrophils but these effects may be bacterial strain-dependemtice, the lipid excess may inhibit the neutrophil respiratory burst
After bacterial infection, markers of inflammation, including in- as demonstrated in vitro (22). Howeyar this study,oxygen rad-
flammatory cells, cytokines, and nitrite, were increased in thecal production by macrophages was increased in the absence of
lungs of SP-D’~ mice. SP-D’~ mice are able to mount an im SP-D in vivo with and without bacterial stimulation. SP-D
mune response to bacterial infection; however, the response imice have increased numbers of enlarged, foamy macrophages in
greatly increased compared with wild-type controls. NO reactshe alveolar space, develop emphysema, and have abnormalities in
with superoxide to form peroxynitrite, which is a potent bacteri- phospholipid metabolism (17). Thus, it is difficult to determine
cidal radical. This study demonstrated increased nitrite concentrdrom these studies whether the increased oxygen radical produc-
tion in BAL fluid from SP-D ™/~ mice after GBS and#. influenzae  tion by the macrophages from the SP“D mice is a direct effect
infection, which may contribute to microbial killing in combina- of the lack of SP-D or a result of abnormalities in surfactant me-
tion with elevated superoxide and hydrogen peroxide in the lungtabolism that may activate alveolar macrophages.
Increased cytokine production may reflect increased cells in BAL Phagocytosis ofl. influenzaeby alveolar macrophages was de-
fluid after bacterial infection. Uninfected SP-D" mice have in creased in the absence of SP-A, findings similar to previous in vivo
creased numbers of alveolar macrophages in the lung; howevestudies with GBS (14). In vitro, SP-A bound GBS (14) ard
proinflammatory cytokine concentrations are not increased. Thinfluenzae(19) in a calcium-dependent manner, suggesting that
results of this study demonstrate that despite efficient bacterial killingSP-A acts as an opsonin for these organisms. SP-A bou& to
in SP-D~ mice, intratracheal inoculation of bacteria still stimulates aureusand S. pneumoniaé vitro and increased adherence $f
an inflammatory response. Thus, effects of SP-D on inflammatonaureusto alveolar macrophages (23). Thus binding of SP-A to
responses are not dependent on bacterial proliferation. carbohydrate recognition sites on the surface of bacteria may play
Oxygen radical production by alveolar macrophages was inan important role in the early clearance of bacteria from the lungs.
creased in SP-D'™ mice. However, SP-D enhanced lucigenin-  After bacterial infection, markers of inflammation, including in-
dependent chemiluminescence of rat alveolar macrophages iftemmatory cells, cytokines, and nitrite were increased in the lung
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of SP-A’~ mice, supporting previous in vivo studies with 4.
aeruginosa24) respiratory syncytial viral (16) and adenoviral in-
fection (25). Mclintosh (26) reported that SP-A blunted TNF re-
lease from LPS-stimulated macrophages. This finding, that cyto-
kine production was more robust in SPZA than in wild-type &
mice, in vivo, supports the Mcintosh study, suggesting that SP-A
decreases the release of cytokines in response to bacterial infec-
tion. It is unclear from this study whether these differences are
directly related to the absence of SP-A or to the increased severitys'
of infection and failure of early bacterial clearance in the
SP-A"’~ mice.

Oxidant production was distinct in SP-A" vs SP-D/~ mice.
Following bacterial infection, oxygen radical production by alve-
olar macrophages was decreased in SP-Amice and increased
in SP-D/~ mice compared with controls. Previous studies dem
onstrated that oxygen radical production by macrophages is im-

paired in the absence of SP-A in vivo (14) and SP-A enhanced!

lucigenin-dependent chemiluminescence of rat alveolar macro-
phages in vitro (12). Bacterial burdenldf influenzaevas greater
in the lung of the SP-A’~ mice; however, SP-D'" mice were
able to efficiently kill the bacteria. SP-A and SP-D bind and ag-4
glutinate GBS andH. influenzag14, 19); however, clearance was
impaired only in the absence of SP-A. Differences in bacterial

clearance in SP-A'~ mice may be related to the impaired oxygen 1#

radical production by macrophages in the absence of SP-A. The
finding that nitrite was increased following infection in both

SP-A"'~ and SP-D’~ mice suggests that nitrite alone is not-suf 15.

ficient for bacterial killing. The finding that bacterial killing was

similar for SP-D”’~ and wild-type mice was surprising because 16. LeVine, A. M., J. Gwozdz, J. Stark, M. Bruno, J. Whitsett, and T. Korfhagen.

binding and opsonization of the bacteria were deficient in the

SP-D’~ mice. However, increased numbers of macrophages ang;.

reactive oxygen species in SP- mice may compensate for the
defect in opsonization.

In summary, in the absence of SP-D, bacterial killing in vivo 15
was unchanged; however, lung inflammation was more severe in
SP-D/~ and SP-A’~ mice, suggesting that SP-D and SP-A play
roles in modulating cytokine production and inflammatory re- 19
sponses during bacterial pneumonia. In addition, SP-D and SP-A
bind and agglutinate bacteria, which may, in part, enhance bacte-
rial removal from the lung through mucociliary and macrophage
clearance. Because the airway is the usual portal of entry for GBS,
H. influenzae, and other respiratory pathogens, the local productiof-
of SP-A and SP-D is likely to play a role in innate defense re-
sponses to inhaled bacteria. 22.
Acknowledgments 23,
We thank Dr. Gary Ross for assistance with Western analysis and William
Hull for isolation and purification of SP-D. ”
References

1. Thiel, S., and K. Reid. 1989. Structures and functions associated with the groug5.
of mammalian lectins containing collagen-like sequenE&BS Lett. 250:78.

2. Sastry, K., and R A. Ezekowitz. 1993. Collectins: pattern recognition molecules
involved in first line host defens€urr. Opin. Immunol. 5:59. 26.

3. Wright, J. R. 1997. Immunomodulatory functions of surfactditysiol. Rev.
77:931.

12.

. van lwaarden, J. F., H. Shimizu, P. H. M. van Golde, D. R. Voelker, and

20. Crouch, E. C., A. Persson, G. L. Grifin, D. Chang, and R. M. Senior. 1995.

SP-A- AND SP-D-DEFICIENT MICE AND BACTERIAL INFECTION

Pison, U., J. R. Wright, and S. Hawgood. 1992. Specific binding of surfactant
apoprotein SP-A to rat alveolar macrophagesi. J. Physiol. 262:L.412.

5. Wright, J. R., J. D. Borchelt, and S. Hawgood. 1989. Lung surfactant apoprotein

SP-A (26-36 kDa) binds with high affinity to isolated alveolar type Il célsac.

Natl. Acad. Sci. USA 86:5410.

Wright, J. R., and D. C. Youmans. 1993. Pulmonary surfactant protein A stim-
ulates chemotaxis of alveolar macrophages. J. Physiol. 264:1.338.

Kuan, S. F., A. Persson, D. Parghi, and E. Crouch. 1994. Lectin-mediated inter-
actions of surfactant protein D with alveolar macrophages. J. Respir. Cell
Mol. Biol. 10:430.

Pikaar, J. C., W. F. Voorhout, L. M. G. van Golde, J. Verhoef, J. A. G. Van Strijp,
and J. F. van Iwaarden. 1995. Opsonic activities of surfactant proteins A and D
in phagocytosis of gram-negative bacteria by alveolar macrophdgésfect.

Dis. 172:481.

. Ferguson, J. S., D. R. Voelker, F. X. McCormack, and L. S. Schlesinger. 1999.

Surfactant protein D binds thlycobacterium tuberculosisacilli and lipoarabi-
nomannan via carbohydrate-lectin interactions resulting in reduced phagocytosis
of the bacteria by macrophageks.Immunol. 163:312.

10. O'Riordan, D. M., J. E. Standing, K. Y. Kwon, D. Chang, E. C. Crouch, and

A. H. Limper. 1995. Surfactant protein D interacts witheumocystis carinand
mediates organism adherence to alveolar macrophdg€&4in. Invest. 95:2699.
Restrepo C. I., Q. Dong, J. Savov, W. |. Mariencheck, and J. R. Wright. 1999.
Surfactant protein D stimulates phagocytosisRsfeudomonas aeruginoday
alveolar macrophageam. J. Respir. Cell Mol. Biol. 21:576.

van lwaarden, F., B. Welmers, J. Verhoef, H. P. Haagsman, and L. M. G. van Golde.
1990. Pulmonary surfactant protein A enhances the host-defense mechanism of rat
alveolar macrophageAm. J. Respir. Cell Mol. Biol. 2:91.

d

L. M. G. van Golde. 1992. Rat surfactant protein D enhances the production of
oxygen radicals by rat alveolar macrophagg®chem. J. 286:5.

LeVine, A. M., K. Kurak, M. Bruno, J. R. Wright, W. Watford, G. Ross,

J. Whitsett, and T. Korfhagen. 1999. Surfactant protein-A (SP-A) binds group B
streptococcus, enhancing phagocytosis and clearance from lungs of SP-A defi-
cient mice.Am. J. Respir. Cell Mol. Biol. 20:279.

LeVine, A. M., M. D. Bruno, K. M. Huelsman, G. F. Ross, J. A. Whitsett, and
T. R. Korfhagen. 1997. Surfactant protein A-deficient mice are susceptible to
group B streptococcal infectiod. Immunol. 158:4336.

1999. Surfactant protein-A enhances respiratory syncytial virus clearance in
vivo. J. Clin. Invest. 103:1015.
Korfhagen, T. R., V. Sheftelyevich, M. S. Burhans, M. D. Bruno, G. F. Ross,
S. E. Wert, M. T. Stahlman, A. H. Jobe, M. Ikegami, J. A. Whitsett, and
J. H. Fisher. 1998. Surfactant protein-D regulates surfactant phospholipid ho-
meostasis in vivoJ. Biol. Chem. 273:28438.
Strong, P., U. Kishore, C. Morgan, A. L. Bernal, M. Singh, and K. B. M. Reid.
1998. A novel method of purifying lung surfactant proteins A and D from the
lung lavage of alveolar proteinosis patients and from pooled amniotic fluich-
munol. Methods 220:139.
McNeely, T. B., and J. D. Coonrod. 1994. Aggregation and opsonization of type
A but not type BHemophilus influenzaey surfactant protein AAm. J. Respir.
Cell Mol. Biol. 11:114.

Interactions of pulmonary surfactant protein D (SP-D) with human blood leuko-
cytes.Am. J. Respir. Cell Mol. Biol. 12:410.

Hartshorn, K. L., E. Crouch, M. R. White, M. L. Colamussi, A. Kakkanatt,
B. Tauber, V. Shepherd, and K. N. Sastry. 1998. Pulmonary surfactant proteins
A and D enhance neutrophil uptake of bacteAa. J. Physiol. 274:1.958.

Ahuja, A., N. Oh, W. Chao, R. G. Spragg, and R. M. Smith. 1996. Inhibition of
the human neutrophil respiratory burst by native and synthetic surfactant.
Am. J. Respir. Cell Mol. Biol. 14:496.

McNeely, T. B., and J. D. Coonrod. 1993. Comparison of the opsonic activity of
human surfactant protein A f@taphylococcus aurewsnd Streptococcus pneu-
moniaewith rabbit and human macrophagds.Infect. Dis. 167:91.

LeVine, A. M., K. E. Kurak, M. D. Bruno, J. M. Stark, J. A. Whitsett, and
T. R. Korfhagen. 1998. Surfactant protein-A deficient mice are susceptible to
Pseudomonas aeruginogafection. Am. J. Respir. Cell Mol. Biol. 19:700.

Harrod, K. S., B. C. Trapnell, K. Otake, T. R. Korfhagen, and J. A. Whitsett.
1999. SP-A enhances viral clearance and inhibits inflammation after pulmonary
adenoviral infectionAm. J. Physiol. 277:L580.

Mcintosh, J. C., S. Mervin-Blake, E. Conner, and J. R. Wright. 1996. Surfactant
protein A protects growing cells and reduces ThFactivity from LPS-stimu-
lated macrophageg&m. J. Physiol. 271:L310.

2202 ‘¥ 13nbnyy uo 1s9nB Aq /610" jounwiw:mmm//:dny Wo. papeo JUMo


http://www.jimmunol.org/

