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Rationale: Surfactant protein D (SP-D) is a collectin family member
with demonstrated immunomodulatory properties in vitro. We hy-
pothesized that SP-D modulates inflammation during noninfectious
lung injury in vivo.

Objectives: To investigate the association of alveolar SP-D and injury,
we studied the responses of transgenic mice expressing varying
levels of SP-D to intratracheal bleomycin (ITB).

Methods: Eight-week old C57/BL6 SP-D-deficient (—/—) mice and syn-
geneic wild-type (WT) controls or Swiss Black SP-D-overexpressing
(SP-D OE) mice and littermate controls received either ITB or saline
and were followed for up to 21 d.

Measurements and Results: Kaplan-Meier analysis demonstrated a
dose-dependent decrease in survival in ITB SP-D (—/—) mice receiv-
ing 2 U/kg bleomycin, with a 14-d mortality of 100% versus 0%
mortality for WT receiving 2 U/kg ITB or SP-D (—/—) mice given
saline (p < 0.05). At 8 d, ITB SP-D (—/—) mice had greater respira-
tory distress (frequency/tidal volume) and weight loss than ITB WT
mice. Furthermore, bronchoalveolar lavage cellularity, pulmonary
parenchymal inflammation, and tissue 3-nitrotyrosine (NO, Y) were
increased to a greater extent in ITB SP-D (—/—) mice. By 21 d,
compared with all groups, ITB SP-D (—/—) survivors had increased
Trichrome staining and tissue hydroxyproline levels. As proof of
principle, SP-D OE mice were highly resistant to bleomycin-induced
morbidity and mortality at doses up to 3 U/kg.

Conclusions: These data provide new in vivo evidence for an antiin-
flammatory role for SP-D in response to noninfectious, subacute
lung injury via modulation of oxidative-nitrative stress.

Keywords: bleomycin; collectins; innate immunity; lung; nitric oxide

Surfactant protein D (SP-D) is a 43-kD peptide synthesized by
alveolar type II cells and Clara cells of the distal airway (1, 2).
Monomeric SP-D contains a collagen-like triple helical domain
and a calcium-dependent carbohydrate recognition domain. Bio-
synthesis of SP-D includes posttranslational glycosylation fol-
lowed by assembly of monomeric SP-D via disulfide bonding
into a dodecamer consisting of four trimers (2). SP-D is a member
of a growing family of soluble molecules that play a role in the
innate or non—antibody-mediated immune response (3-5). The
term collectin (collagen-like lectin) used to describe this family

(Received in original form May 16, 2005, accepted in final form June 22, 2005)

Supported by NIH P50-AT-00428 (M.F.B.), RO1 HL 64520 (M.F.B.), HL 62472
(R.C.S.), HL073896 (R.C.S.), HL-24075 (SH), and HL 58047 (S.H.), Fellowship
Research Grant, Forest Pharmaceuticals, Inc. (J.C.).

* Both authors contributed equally to this work.

Correspondence and requests for reprints should be addressed to Michael F.
Beers, M.D., Pulmonary and Critical Care Division, University of Pennsylvania
School of Medicine, 807 BRB II/Ill Building, 421 Curie Boulevard, Philadelphia,
PA 19104. E-mail: mfbeers@mail.med.upenn.edu

Am ) Respir Crit Care Med Vol 172. pp 869-877, 2005

Originally Published in Press as DOI: 10.1164/rccm.200505-7670C on June 30, 2005
Internet address: www.atsjournals.org

includes, in addition to SP-D, surfactant protein A (SP-A) and
non-lung protein members mannose-binding protein, bovine
conglutinin, and CL-43.

SP-D has been shown to interact with a variety of pathogens
and modulate part of the increasingly complex interplay between
host inflammatory responses and invading organism. In vitro,
SP-D enhances internalization of Escherichia coli, Streptococcus
pneumoniae, S. aureus, and Aspergillus fumigatus conidia by
phagocytes (6-9), regulates lymphocyte proliferation (10), mod-
ulates chemotaxis and activation of macrophages (11-13), and
facilitates presentation of peptide antigen by dendritic cells to
lymphocytes thus forging a link between innate and acquired
immunity (14). The spatial distribution of SP-D in the distal
respiratory tract (15, 16), previous in vitro studies demonstrating
that the protein interacts with and modulates the function of
macrophages, neutrophils, and lymphocytes, and in vivo data
showing alterations in SP-D expression, can be induced by infec-
tious and inflammatory stimuli makes it an ideal candidate for
local regulation of lung inflammation (17, 18). Furthermore, varia-
tions in frequency of SP-D alleles are associated with differing
host responses in humans (susceptibility or protection) to some
pulmonary diseases including chronic obstructive pulmonary dis-
ease, allergen hyper responsiveness, and viral infection (19-22).

Targeted disruption of the mouse SP-D gene has been re-
ported by two different groups (23, 24). In both cases, regardless
of genetic background, the phenotype of the SP-D-deficient
mouse (SP-D —/—) is associated with an elevation in the baseline
level of pulmonary inflammation. SP-D —/— mice exhibit in-
creases in the number and size of macrophages within the air-
ways, alterations in surfactant phospholipid profiles, increases
in metalloproteinase activity, enhancements in lymphocyte acti-
vation, and temporal accelerations in airspace enlargement (i.e.,
emphysema) (11, 23-27). Subsequently, we have shown that the
inflammatory response found in SP-D-deficient mice includes
an increase in inducible nitric oxide synthase (iNOS) activity
and NO production, as well as a shift in the reactive state of
NO toward higher oxides (28).

The intratracheal instillation of bleomycin (ITB) in rodents
is an established model of subacute lung injury, inflammation,
and fibrosis. Its toxicity is related to the production of free
radicals that result in endothelial and epithelial cell damage,
the appearance of DNA-damage inducible proteins, increased
microvascular permeability, and respiratory distress with surfac-
tant dysfunction (18). ITB produces an initial inflammatory re-
sponse marked by peak levels of tumor necrosis factor-a and
transforming growth factor-g 7-10 days after injury mediated
by increased activity of nuclear factor-kB (29, 30) that corre-
sponds with maximal inflammatory cell infiltrate and respiratory
distress (18, 31). From 14 to 21 d, a transition from inflammation
to either extracellular matrix production and fibrosis or to tissue
healing and repair ensues (18, 31-33).

Previously, we had shown that administration of ITB to rats
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resulted in upregulation of SP-D protein content (18). Given
the antiinflammatory properties of SP-D and it association with
altered NO metabolism, we hypothesized that the inflammatory
response to bleomycin could be modulated by alveolar SP-D
content. In this report, we demonstrate that ITB administration
to SP-D-deficient mice results in increased mortality, in en-
hanced lung inflammation and tissue injury, and in alterations
in nitric oxide metabolism. Furthermore, as proof of principle,
mice constitutively overexpressing recombinant SP-D are pro-
tected from bleomycin-induced morbidity and mortality. These
results establish a critical role for SP-D in the local modulation
of the pulmonary inflammatory response to a noninfectious lung
injury. Preliminary reports of some of these results have been
published (34, 35).

METHODS

Mouse Models

SP-D-deficient mice. SP-D-deficient mice produced by targeted ablation
of the mouse SP-D locus have been previously described (23). Mice bred
to homozygosity were backcrossed 10 generations onto the C57BL/6
background. Age-matched wild-type C57BL/6 mice (WT) purchased
from either Jackson Laboratories, Inc. (Bar Harbor, ME) or Charles
River Laboratories (Wilmington, MA) were used as controls.

SP-D-overexpressing mice. Heterozygous transgenic mice carrying
1 concatamer of the rat SP-D gene under control of the human SP-C
3.7-kb promoter element have been previously described (36). These
mice (termed SP-D OE), backcrossed on to the Swiss Black background,
were mated with WT Swiss Black mice (Taconic, Inc., Germantown,
NY) to generate 50% SP-D OE mice and 50% transgene negative
littermate controls.

Experiments were performed using mixed populations of male and
female mice (8-10 wk) housed in a barrier facility. All animal protocols
were reviewed and approved by the Animal Care and Use Committee
at the University of Pennsylvania.

Model of Intratracheal Bleomycin Injury

Mice (25-35 g) were anesthetized with 50 mg/kg intraperitoneal pento-
barbital. With the use of an insulin syringe, 50 pl of either lipopolysac-
charide (LPS)-negative saline or clinical grade, sterile, and LPS-free
bleomycin sulfate (1.0-3.0 U/kg; Bristol Myers Schwab, Princeton, NJ)
were directly injected into the trachea as published (18, 31). The incision
was closed using surgical clips. Perioperative mortality in experimental
animals was less than 2%.

Measurement of Pulmonary Function

Respiratory rates and tidal volumes were determined in conscious,
unrestrained, spontaneously breathing mice in a whole-body plethysmo-
graph (Buxco Electronics Incorporated, Troy, NY).

Preparation and Analysis of Bronchoalveolar Lavage

Total bronchoalveolar lavage (BAL) cell counts were determined using
a Z1 Counter particle counter (Beckman-Coulter, Inc., Miami, FL) as
published (37). Differential cell counts were performed manually on
cytospins stained with Dif-Quik (37). The size (diameter) of each macro-
phage identified during differential counting was determined using an
eyepiece objective containing a grid of known size and magnification
(Model WH10X2-H; Olympus America, Inc., Melville, NY). Data were
stratified into two groups, greater and less than 25 pm in diameter, and
recorded as a percent of total macrophage number.

Cell-free BAL supernatants were separated into two fractions by
centrifugation as described previously (38) producing a biophysically
active large-aggregate form in the pellet and a supernatant that con-
tained soluble proteins and biophysically inactive surfactant forms
(small-aggregate fraction. Total protein content of fractions was deter-
mined by the Bradford method with bovine IgG as a standard (39).
Phospholipid contents were determined by the method of Bartlett (40).

Polyacrylamide Gel Electrophoresis and Immunoblotting

SP-D expression was determined by Western blotting using NuPAGE
10% Bis-Tris gels (Novex, San Diego, CA) as previously described (38,
41). Bands visualized using enhanced chemiluminescence (ECL Kit;
Amersham, Inc., Arlington Heights, IL) and a monospecific, polyclonal
anti-SP-D (42) were quantitated by densitometry using Kodak 440
image analysis software as described (38).

Solid-Phase ELISA for Nitrotyrosine and SP-A

Nitrotyrosine content of lung homogenates was determined by solid-
phase ELISA (immuno dot-blot) using a monoclonal anti-nitrotyrosine
antibody (generous gift of Dr. Harry Ischiropolous, Children’s Hospital
of Philadelphia, PA) as described (28, 37, 43, 44). Relative nitrotyrosine
contents were calculated by comparison to a standard of nitrated bovine
serum albumin.

SP-A content in total BAL fluid was determined in an identical
fashion using the monospecific, polyclonal anti-rat SP-A antibody
(PA3) (45, 46) as described (37).

Nitrogen Oxide Measurements

The analysis of NO metabolites was performed using the Ionics/Sievers
Nitric Oxide Analyzer 280 (NOA 280) as described (28). Total NO was
determined by treatment with an excess of vanadium chloride reducing
nitrates and nitrites to release NO. Nitrite was measured independently
using a KI and acetic acid mixture (47) and subtracted from total NO
to obtain a calculated nitrate content.

Determination of Lung Inflammation and Fibrosis
Lung histology. Paraffin sections prepared from the lungs of WT and

SP-D deficient mice as described previously were stained each with
Trichrome and with hematoxylin and eosin.

Hydroxyproline Content

The right lungs of mice harvested at Day 21 were analyzed for hydroxy-
proline content according to the method of Brown and colleagues (48).
After hydrolysis and oxidation with chloramine-T (Acros, Morris Plains,
NJ), color developed using Ehrlich’s reagent was quantitated by ab-
sorbance at 570 nm. The amount of hydroxyproline was determined
against a standard curve hydroxyproline (Sigma, Inc., St. Louis, MO).

Data Analysis

All parametric data from experimental and control groups were ex-
pressed as mean * standard error of mean (X * SE). Groups were
compared using unpaired two-tailed Student’s ¢ test analyzed with a
standard statistical software package (iStat3 for MacIntosh v 3.03;
Graph Pad Software, Inc., San Diego, CA). In all cases, a p value of
< 0.05 was considered significant.

RESULTS

Morbidity and Mortality Are Increased in SP-D-deficient
Mice Receiving Bleomycin

Administration of intratracheal bleomycin at doses up to 2 U/kg
produced a dose-dependent increase in mortality exclusively
in SP-D (—/—) mice. As Figure 1 demonstrates, Kaplan-Meier
analysis showed a 14-day mortality of 100% for SP-D-deficient
mice receiving 2 U/kg ITB and 53% mortality at 1 U/kg com-
pared with a 0% mortality for age- and sex-matched SP-D (—/—)
mice receiving saline. C57BL/6 controls receiving ITB at doses
up to 2 U/kg also had a 100% survival regardless of breeding
source (Charles River or Jackson Laboratories).

The increased mortality observed in SP-D (—/—) mice receiv-
ing ITB was accompanied by systemic and pulmonary morbidity.
At doses of ITB up to 2 U/kg, SP-D—deficient mice exhibited
statistically significant weight loss at Days 6 and 9 after adminis-
tration (Figure 2A). When assessed at 8 d after bleomycin injury,
surviving SP-D—-deficient mice were also found to exhibit greater
degrees of respiratory distress as measured using respiratory
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Figure 1. Surfactant protein D (SP-D)-deficient mice have increased
susceptibility to intratracheal bleomycin. SP-D-deficient mice and
C57BL/6 control mice (Jackson Research Laboratories) 8 to 9 wk of
age received either saline (n = 5 for each strain), 1 U/kg intratracheal
bleomycin (n = 15 for each strain), or 2 U/kg intratracheal bleomycin
(n = 15 for each strain) as described in MeTHoDs. Survival for each
group was recorded throughout a 21-d observation period and plotted
as Kaplan-Meier survival analysis. Comparison of mortality at Day 14
revealed enhanced susceptibility at both 1 U/kg and 2 U/kg bleomycin
in the SP-D (—/—) groups (p < 0.05 versus corresponding control
groups). Data are representative of three separate experiments.

frequency/tidal volume ratios (Figure 2B). Statistically significant
differences were also noted in respiratory frequency alone be-
tween ITB-treated SP-D (—/—) and ITB-treated WT mice (SP-D
(=/—=) =417 £ 4 bpm, n = 5 versus 364 * 12, n = 5; p = 0.038).
By 21 d, frequency/tidal volume ratio was similar among survivors
for both WT and SP-D (—/—) groups (data not shown).

SP-D-deficient Mice Demonstrate Increased Lung
Inflammation after Bleomycin

Physiologic morbidity in ITB-treated SP-D (—/—) mice was ac-
companied by increased parenchymal lung inflammation and
BAL cellularity. In Figure 3A, lung histology obtained at Day 8
(during maximum respiratory distress) showed increased in-
flammatory cell infiltrates in lung tissue in SP-D (—/—) mice
receiving 1 U/kg ITB. The histopathologic changes were re-
flected by commensurate increases in total BAL cells in this
group (Figure 3B). The threefold increase in total cell count
in SP-D (—/—) mice receiving I'TB consisted predominantly of
macrophages with lesser amounts of lymphocytes. There were
no statistically significantly differences in differential cell per-
centages between SP-D (—/—) and WT mice receiving ITB (data
not shown).

The increase in cellular infiltration was accompanied by an
increase in lung leak. On Day 8, BAL total protein was markedly
elevated in ITB-treated SP-D (—/—) mice compared with either
saline treated SP-D (—/—) mice or with WT mice that received
ITB (Figure 3C).

Reactive Nitrogen Species and SP-A Are Increased in
ITB-Treated SP-D-deficient Mice

Previous studies have shown that SP-D-deficient mice demon-
strate increases in production of both oxygen radicals and reac-
tive nitrogen species (11, 28). When assayed at the peak of lung
inflammation (Day 8), although WT and SP-D-deficient mice
treated with bleomycin each show modest increases in total BAL
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NO production (Figure 4A), the lung homogenates from bleomy-
cin-injured SP-D (—/—) mice had a proportionately greater (two-
fold) increase in total lung nitrotyrosine compared with WT
mice (Figure 4B). NO,Y staining of BAL cell pellets was similarly
qualitatively increased (data not shown).

The SP-D and SP-A genes both map to the same chromosomal
locus in the mouse (49). Baseline levels of SP-A- in SP-D-
deficient mice are reported to be approximately 50 to 60% that
of strain-matched controls (23, 28, 37). To ensure that the in-
flammatory changes observed in SP-D—deficient mice were not
accompanied by a commensurate loss of SP-A after ITB, im-
muno dot-blot analysis of total BAL was performed. Consistent
with previous reports, when corrected for total protein content,
8 d after inoculation, saline-treated SP-D (—/—) mice had 62 =
7.7% of the BAL SP-A protein content versus saline inoculated
WT mice (p < 0.05). ITB treatment of SP-D (—/—) mice pro-
duced a nearly fivefold increase in alveolar SP-A protein [486 *+
142% versus saline-inoculated SP-D (—/—) mice, p < 0.05].

Late Inflammatory Responses and Fibrosis Are
Increased in SP-D-deficient Mice

Among mice surviving 21 d, ITB-treated SP-D (—/—) mice had
increases in each of lung tissue inflammation, BAL cellularity,
and fibrosis. Compared with syngeneic controls, parenchymal
infiltration by mononuclear cells was more prominent in SP-D
(—=/—) mice receiving 1 U/kg ITB (Figure 5A) with parallel
increases in BAL cellularity (Figure 5B).

A fibrotic response observed in mice receiving bleomycin
was enhanced in the absence of SP-D. Trichrome staining for
collagen expression was increased in lungs from SP-D-deficient
mice receiving 1 U/kg ITB compared with minimal changes
seen in C57BL/6 controls receiving twofold more ITB (2 U/kg)
(Figure 6A). The qualitative increases in lung fibrosis were re-
flected by quantitative increases in lung hydroxyproline content
(Figure 6B). Confirming the histologic findings, a twofold in-
crease in lung hydroxyproline content was also observed in bleo-
mycin-treated SP-D (—/—) mice compared with WT controls.
These results indicate that throughout the course of the lung
injury produced by ITB administration, SP-D (—/—) mice dem-
onstrated not only increases in lung inflammation and oxidative-
nitrative stress, but in end-organ damage, manifesting as an
enhanced fibrotic response.

SP-D-overexpressing Mice Are Protected from
Bleomycin Injury

To verify that the differential response to bleomycin observed
in the SP-D-deficient mouse model was attributable to a lack
of endogenous SP-D, we performed similar challenges with ITB
in a transgenic mouse model that constitutively overexpresses
recombinant rat SP-D (rSP-D) under the control of the human
SP-C promoter (SP-D OE) (36). By Western blot analysis, SP-D
OE mice containing single concatamers of the SP-D transgene
had sixfold elevations in baseline levels of total alveolar SP-D
content compared with littermate controls (Figure 7A). When
challenged with ITB (3 U/kg), littermate controls (Swiss black
background) had 47% mortality at 21 d. In contrast, SP-D OE
mice treated identically demonstrated a 90% survival (Figure 7B).
At 21 d, by Western blotting, BAL fluid from surviving SP-D
OE mice receiving bleomycin had a nearly sixfold higher levels
of SP-D protein than saline-treated SP-D OE (684 * 111% of
SP-D OE saline, n = 4 in each group) and nearly 16-fold higher
SP-D levels than bleomycin-treated littermate controls (1,692 =
274% of littermate WT controls).

The decreased mortality observed in SP-D OE mice receiving
bleomycin was accompanied by less systemic morbidity. After
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Figure 2. Bleomycin-challenged SP-D-deficient mice exhibit increased morbidity. (A) Weight changes. After administration of intratracheal instilla-
tion of bleomycin (ITB) to either wild-type (WT) or SP-D (—/—) mice, body weights were recorded up to Day 21 as indicated. Data are expressed
as a percent of change from the baseline body weight before surgical installation of bleomycin or saline (X = SE; n = 5 for saline treated groups;
n = 15 for bleomycin-treated groups). At Day 6, SP-D (—/—) mice receiving 1 or 2 U /kg ITB had a significantly greater weight loss then either
SP-D (—/—) mice receiving saline or WT mice receiving bleomycin [*p < 0.05 versus SP-D (—/—) saline group; #p < 0.05 versus WT bleomycin
2 U/kg group]. (B) Respiratory distress. SP-D (—/—) and C57BL/6 mice receiving saline or 1 U/kg bleomycin were subjected to pulmonary function
testing using a BUXCO whole body plethysmograph. Conscious, unrestrained, nonsedated mice underwent determination of respiratory frequency
and tidal volume. Data are expressed as a respiratory distress index consisting of respiratory frequency divided by tidal volume. (X = SE, n = 4-5
per group; *p < 0.05 versus corresponding control groups, #p < 0.05 versus corresponding WT group.)

ITB, SP-D OE mice exhibited less weight loss at 7, 10, and 13 d
after administration (Figure 7C). The decreased morbidity and
mortality observed in ITB SP-D OE mice occurred despite
similar degrees of BAL cellularity. In Figure 8A, at 8 d, total
BAL cell counts increased two- to threefold in both ITB-treated
groups. There were no statistically significantly differences in
cell percentages between SP-D OE and WT mice receiving ITB
in which cell differentials were again composed of predominantly
macrophages and lesser amounts of lymphocytes and neutrophils
(data not shown). However, between various transgenic models
of collectin-expressing mice, there was a striking difference in
the morphology of the recovered macrophages after ITB. As
Figure 8B demonstrates, DiffQuik staining of BAL cell pellets
revealed that a significant portion of the macrophages obtained
from ITB-treated littermates (WT) had increased size with a
prominent foamy cytoplasm. In contrast, macrophages from
SP-D OE mice receiving ITB appeared to be more normal in size
and appearance. Quantitative analysis was done by identification
and counting of macrophages in BAL cytopsins followed by
stratification according to size. In BAL from ITB-treated WT
mice, the percentage of macrophages greater than 25 pm in
diameter (3 times’ normal size) was significantly increased (32 =
3% macrophages > 25 um for bleomycin-treated WT versus
18 £ 5% for bleomycin-treated OE, n = 30-50 macrophages/
cytospin sample X 6-8 cytospins in each group, p < 0.01). Consis-
tent with previously published data, SP-D (—/—) macrophages,
which have baseline increases in size and granularity, developed
further enlargement and more granularity than C57B1/6 controls
(not shown).

In addition to differences in macrophage appearance, basal
overexpression of SP-D limited the changes in NO metabolism
by the local lung environment observed previously in SP-D
(—/—) mice receiving ITB. When assessed at Day 8 after injury,
ITB increased total BAL NO levels in both Swiss-Black lit-

termate controls (saline WT = 138 + 10 pmoles NO versus ITB
WT = 246 = 39 pmoles NO, n = 4-10, p = 0.024) and in SP-D
OE mice (saline SP-D OE = 247 * 36 pmoles NO versus ITB
SP-D OE = 338 + 39 pmoles NO, n = 6-8 per group, p = 0.034).
However, in contrast to both Swiss-Black littermate controls and
SP-D (—/—) mice, despite the increase in the baseline total NO
level, lungs from bleomycin-injured SP-D OE mice generated
proportionately less 3-nitrotyrosine (NO,Y) in response to ITB.
As shown in Figure 9A, when expressed as the ratio of NO,Y/
NO, overexpression of SP-D significantly limited the production
of higher oxides of NO. Furthermore, the NO,Y/NO ratio had
a significant positive correlation with the increase in macrophage
size observed after ITB (Figure 9B). Collectively, these data
indicate that in SP-D OE mice, the response to the ITB results
in continued mononuclear cell recruitment to the lung, but that
increasing amounts of SP-D also limit the amount of reactive
nitrogen species generated in response to this stress.

DISCUSSION

A convincing body of data is emerging to support the role of
SP-D in the modulation of antiinflammatory responses required
to limit lung injury during infectious and inflammatory challenge.
SP-D-deficient mice, previously generated by two different
groups with the use of comparable transgenic technologies, each
demonstrate alterations in surfactant component homeostasis
accompanied by baseline inflammation within the lung mani-
fested as peribronchiolar mononuclear infiltrates, increased BAL
cellularity, macrophage activation, oxidative stress, matrix met-
alloproteinase production, and, ultimately, in premature emphy-
sema. We have used mice derived from one of these lines and
backcrossed to the C57BL/6 strain to study the response to
bleomycin-induced lung injury. In a previous report, we found
that SP-D-deficient mice had significant increases in the levels
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Figure 4. NO and 3-nitrotyrosine are increased in bleomycin-treated SP-D (—/—) mice. BAL and lung tissue from SP-D (—/—) and C57BL/6 WT
mice was harvested 8 d after administration of 1 U/kg bleomycin sulfate. (A) Total bronchoalveolar lavage (BAL) NO was determined as previously
published (28). Data were expressed as total BAL NO expressed in pmoles (X = SE, n = 3-5 per group; *p < 0.05 versus WT sham control.
#p < 0.05 versus bleomycin-treated WT group). (B) Relative 3-nitrotyrosine levels in lung homogenates were determined by solid phase ELISA as
previously described (28, 44). Data were expressed as a percent of sham operated WT controls (*p < 0.05 versus corresponding sham group;
#p < 0.05 versus bleomycin-treated WT group; X * SE, n = 3-5 per group).



874 AMERICAN JOURNAL OF RESPIRATORY AND CRITICAL CARE MEDICINE VOL 172 2005

A SP-D (--) B

Figure 5. Late inflammation in
bleomycin-treated SP-D (—/—)
mice. SP-D (—/—) and WT
mice receiving 1 U/kg bleomy-
cin sulfate were killed 21 d after

400

BAL Cell Count x 103

treatment. BAL and lung tissue
were prepared as in Figure 3.
(A) Representative hematoxy-
lin and eosin-stained lung sec-
tions from WT and SP-D (—/-)
mice receiving sham surgery
(upper panels), intratracheal sa-
line (middle panels), or bleomy-
cin (lower panels) shown at
equal magnification (x400)
reveal increased inflammatory
cells infiltrates in bleomycin-
treated SP-D (—/—) mice; (B)
WT SP-D () BAL cell counts were done us-
ing a UZ1 hemocytometer as
described in MeTHoDs. Data for
each group are expressed as
X = SE (n = 5 per saline group,

* #

O Saline H Bleo

n = 7-13 for bleomycin-treated groups). Total cell counts in ITB-treated SP-D (—/—) mice were elevated versus both WT controls and SP-D (—/-)
mouse controls (*p < 0.05 versus corresponding saline-treated group; #p < 0.05 versus bleomycin-treated WT group).

in the SP-D-deficient model. Furthermore, the constitutive
overexpression of SP-D that results in 5- to 10-fold increases in
alveolar SP-D content in transgenic mice results in protection
from ITB lung injury. These results represent the first report
linking alveolar levels of SP-D in the lung with alterations in
the response to a noninfectious inflammatory challenge.

The role of SP-D in the modulation of host defense and
inflammatory responses has been studied predominantly in vitro.
In addition to the well-known interactions with variety of microor-
ganisms including viruses (influenza A and herpes simplex), bacte-
ria (Pseudomonas aeruginosa), and fungi (Cryptococcus neo-
formans, A. fumigatus, and Pneumocystis), SP-D is also known to

interact with and modulate the activity of a variety of effector cells
in the lung (9). SP-D can stimulate chemotaxis of macrophages,
but appears to have no effect on monocyte migration. SP-D has
also been shown to alter the state of macrophage activation in
response to an inflammatory stimulus such as LPS and can affect
the degree of macrophage apoptosis. After in vivo replacement
of SP-D, either from the use of exogenous SP-D or in transgenic
mice using inducible promoter systems, both surfactant lipid
abnormalities as well as inflammatory mediators can be amelio-
rated (12, 36, 50). Taken together, the data suggest a key role
for SP-D in the local modulation of lung inflammation.
Previously, we had shown that administration of ITB to rats

Figure 6. SP-D (—/—) mice de-
velop more fibrosis after bleomy-
cin. (A) Representative trichrome
staining of lung obtained 21 d
after bleomycin-induced lung in-
jury demonstrates increased fibro-
sis in surviving SP-D (—/—) mice

WT 2U/kg Bleo

SP-D (--) 1U/kg Bleo

. receiving 1 U/kg ITB compared

g ey 8 0 Saline H Bleo *# with minimal fibrosis seen in WT
° E mice receiving 2 U/kg; (B) hy-
E. S 4 droxyproline content of lung ho-
> 3 mogenates from groups de-
g =~ 3 scribed in A was measured as
= t described in MetHops and ex-
> 9 pressed as wg hydroxyproline/ml
T e 2 homogenate (X * SE; n = 5 per
o 8 saline group, n = 7-13 for bleo-
g 1 mycin-treated groups). ITB in-
- creased hydroxyproline content
0 twofold in lungs from SP-D

(—/—) mice compared with sa-

WT SP-D ('l"') line-treated SP-D (—/—) mice
and to ITB treated wild-type
mice (*p < 0.05 versus saline-
treated SP-D (—/—) group, #p <
0.05 versus bleomycin-treated
WT group).
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Figure 7. SP-D-overexpressing
mice demonstrate increased
survival to ITB. Transgenic

OWT Bleo mice expressing recombinant

BSPD O Bleo rat SP-D under control of the
& SP-C promoter and littermate
%0 controls  were inoculated
with 3 U/kg of bleomycin sul-
fate or saline as described in
MeTtHoDs. (A) Western blot
analysis for baseline SP-D pro-
duction in noninoculated SP-D-
overexpressing mice (n = 4)
and WT littermate controls (n =

o
S

-~
=

0 1 10 13 17 A
Days Post Injury

5) using 5 g of total protein. SP-D band density was determined and SP-D content per total BAL recovered was calculated. Data, normalized to
% WT level, are expressed as X = SE. (*p < 0.05 versus WT group). (B) Kaplan-Meier survival curves for SP-D OE mice (n = 19) and littermate
controls (Swiss Black background, n = 27) receiving ITB. SP-D OE mice given ITB demonstrate 90% survival versus 47% for identically treated
littermate controls with the increase of mortality noted at 8 to 9 d after ITB saline. Saline-treated WT (n = 5) and SP-D OE (n = 7) groups had
100% survival. (C) Weights of SP-D OE and littermate controls treated with ITB were determined up to 21 d after instillation. Data were normalized
as a percent of initial weight and expressed as X = SEM (n = 9-13 for OE and n = 6-18 for WT at each time point). At all time points following
injury, both SP-D OE and WT mice developed statistically significant weight loss in comparison to starting weight. *p < 0.05 versus bleomycin-

treated WT (littermate) mice at corresponding time point.

was also accompanied by an elevation in BAL SP-D protein
levels (18). Furthermore in many other animal models of infec-
tion and inflammation including Preumocystis carinii pneumo-
nia, antigen-mediated airways hyperresponsiveness (A. fumigatus
or ovalbumin), and hyperoxia, the inflammatory injury is accom-
panied by selective increases in SP-D (17, 51, 52). SP-D adminis-
tered to mice sensitized with ovalbumin downregulates airway
hyperresponsiveness and inflammation (53). Similar findings
have been observed in humans. Asthmatic patients subjected to
segmental antigen challenge respond in part with increases in
BAL SP-D (54). In patients with cystic fibrosis, indices of in-
flammation (e.g., cytokine production) have been shown to cor-
relate inversely with the level of SP-D found in the BAL (55).
Collectively, these findings support the notion that SP-D represents
an acute phase response important to counteract proinflammatory
events in the lung.

The SP-D-deficient mouse has been used to study the in-
flammatory response to pathogens. Previously, pulmonary infec-
tion of SP-D (—/—) mice by influenza A resulted in enhanced

A

WT

markers of inflammation (56, 57). More recently, we have dem-
onstrated that the SP-D—deficient mouse model had an increas-
ingly susceptibility to pulmonary infection by P. carinii and that
the pneumonia is accompanied by an increase in lung inflamma-
tion characterized by rises in BAL protein, wet-to-dry ratios,
inflammatory infiltrates, and reactive nitrogen species produc-
tion. Because of the known direct effects of many of these patho-
gens on the alveolar epithelium, we sought to extend the under-
standing of the role of SP-D in the counterregulation and control
of inflammation using a noninfectious model of lung injury. ITB
is a well-recognized model of subacute lung injury characterized
by the production of both reactive oxygen species as well as
pro-inflammatory cytokines. Administration of ITB to SP-D
(=/—) mice resulted in enhanced mortality and markers of in-
flammation. Thus it is likely that these observations obtained
in the SP-D-deficient mouse are independent of the inciting
organism.

The protection from ITB observed in SP-D-overexpressing
mice was associated with an increased level of SP-D in BAL at

Figure 8. BAL cell counts and
macrophage morphology after

-

H Bleo
*

500 i1 Saline

*

Saline

400

300

ITB. SP-D OE mice and lit-
termate controls were inocu-
lated intratracheally with 3 U/kg
of bleomycin or saline as de-
scribed in MeTHoDs. Eight days
after treatment, animals were
killed and BAL performed. (A)

200

100

BAL Cell Count x 103

Bleomycin

SP-D OE

Total BAL cell counts for each
group were determined as de-
scribed in MetHoDs. Data are
expressed as X * SEM,
n = 4-10 mice per group;
*p < 0.05 versus corresponding
saline-treated group. (B) Repre-
sentative  Diff-Quik-stained
cytospins from SP-D-over-

expressing mice and transgene negative littermates are shown. (B, upper panels) Saline-treated SP-D OE and WT controls as labeled each demonstrate
>99% macrophages, which appear normal in size and shape. (B, lower panels) In littermate controls (WT), injury by ITB produced increases in the
number and size of foamy alveolar macrophages. Despite administration of ITB, SP-D OE mice maintained relatively normal macrophage morphology.
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Figure 9. 3-nitrotyrosine/NO ratio and
macrophage size are increased after intra-
tracheal bleomycin. BAL and lung tissue
from SP-D OE and littermate control mice

= R2=0.459

were harvested 8 d after administration of
A 3 U/kg bleomycin. (A) BAL NO levels and
tissue 3-nitrotyrosine (NO,Y) content were
measured as described in MeTHoDs. Data,
expressed as the ratio of NO,Y to NO, dem-
onstrate an increase in NO,Y/NO in ITB-
treated WT mice compared with ITB-
treated SP-D OE mice. *p < 0.05. (B) Man-
ual counting and determination of macro-
phage size were performed on cytospins
(n = 30-50 macrophages/cytospin sam-
ple X 6-8 cytospins) in bleomycin-treated
SP-D OE (square) and littermate (triangle)
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baseline and a further marked elevation at 21 d after injury.
In contrast to littermate controls (WT), SP-D OE mice were
protected from injury despite equivalent increases in mononu-
clear cell migration into the alveolar space (Figure 8A). How-
ever, in contrast to ITB-treated WT mice, macrophages from
SP-D OE mice receiving ITB were shown to have marked differ-
ences in size and appearance. Cytologic examination of BAL
cells from SP-D OE mice given bleomycin revealed a greater
proportion of normal size macrophages with an absence of cyto-
plasmic granularity (Figure 8B). We had shown previously that
in SP-D-deficient mice, the presence of large foamy macro-
phages was associated with increases in reactive oxygen species/
reactive nitrogen species (28, 37). Interestingly, in this study,
after ITB, for both groups larger macrophage size (> 25 pwm)
was positively correlated with increased tissue nitrotyrosine, a
marker of RNS production (Figure 9). Furthermore, lungs from
bleomycin-injured SP-D OE mice contained proportionately less
NO,Y than did ITB littermate controls. These data suggest a
critical role for SP-D in the modulation of lung inflammation via
effects on NO metabolism and reactive oxygen-nitrogen species.
Additional studies utilizing novel inhibitors of iNOS and NO
production in vivo to further address this issue are in progress.

In summary, this report highlights the emerging importance
of the lung collectin SP-D in modulation of the inflammatory
response after subacute lung injury. The injury in response to
ITB is associated with an enhanced oxidative-nitrative stress in
the lung, which produces lung parenchymal injury that can be
modulated by the level of alveolar SP-D. Based on the data
presented in this study as well as studies the literature, inflamma-
tion in vivo appears to inversely correlate with alveolar levels
of SP-D. This suggests that interventions such as the administra-
tion of SP-D either prophylactically or as therapy have the poten-
tial to limit the inflammatory response through effects of alveolar
macrophages. Given the nature of the molecular mechanisms
underlying bleomycin-induced lung injury, SP-D may have
broader therapeutic implication in other forms for acute lung
injury such as those produced by ischemia-reperfusion injury or
hyperoxia.
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mice. NO,Y/NO (y axis) plotted as a func-
tion of the percentage of macrophages
greater that 25 p in diameter (x axis) posi-
tively correlated with macrophages size
(r = 0.459, n = 6-8).
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