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Abstract

Background—Surfactant protein (SP) D shares target cells with the proinflammatory cytokine
TNF-a, an important autocrine stimulator of dendritic cells and macrophages in the airways.

Objective—We sought to study the mechanisms by which TNF-a and SP-D can affect cellular
components of the pulmonary innate immune system.

Methods—Cytokine and SP-D protein and mRNA expression was assessed by means of ELISA,
Western blotting, and real-time PCR, respectively, by using in vivo models of allergic airway
sensitization. Macrophage and dendritic cell phenotypes were analyzed by means of FACS
analysis. Maturation of bone marrow—derived dendritic cells was investigated in vitro.

Results—TNF-a, elicited either by allergen exposure or pulmonary overexpression, induced SP-
D, IL-13, and mononuclear cell influx in the lung. Recombinant IL-13 by itself was also capable
of enhancing SP-D in vivo and in vitro, and the SP-D response to allergen challenge was impaired
in 1L-13- deficient mice. Allergen-induced increase of SP-D in the airways coincided with
resolution of TNF-a release and cell influx. SP-D—deficient mice had constitutively high numbers
of alveolar mononuclear cells expressing TNF-a, MHC class Il, CD86, and CD11b,
characteristics of proinflammatory, myeloid dendritic cells. Recombinant SP-D significantly
suppressed all of these molecules in bone marrow—derived dendritic cell cultures.

Conclusions—TNF-a can contribute to enhanced SP-D production in the lung indirectly
through inducing IL-13. SP-D, on the other hand, can antagonize the proinflammatory effects of
TNF-a on macrophages and dendritic cells, at least partly, by inhibiting production of this
cytokine.
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Lung collectins (surfactant protein [SP] A and SP-D) and mucosal antigen-presenting cells
reside in close proximity in the distal air spaces.! Collectin/antigen-presenting cell
interactions have significant functional consequences in infections and inflammatory
diseases?~ and serve 2 main functions: pathogen clearance and modulation of innate
immune cells.> Compelling evidence was provided to support the importance of SP-A and
SP-D in innate immune function by studies on gene-deficient mice. Animals lacking either
lung collectins have shown an increased susceptibility to bacterial -8 viral %11 fungal,12
endotoxin,!3 and allergen-induced#1® lung inflammation. Under normal conditions,
however, SP-A~'~ mice display no pathologic features in the lung. SP-D~'~ mice, on the
other hand, show serious alterations, including signs of constitutive alveolar macrophage
activation.16-19 Our previous studies in SP-D~/~ mice also demonstrated the presence of
activated CD3/CD4™" T cells in the airway submucosal tissue with strikingly increased levels
of thymus and activation-regulated chemokine, a chemokine responsible for attracting T2
and dendritic cells.® These findings suggested that in addition to macrophages, dendritic
cells also might be affected by a lack of SP-D and that this lung collectin might have an
essential role in maintaining immune homeostasis in the lung under normal,
noninflammatory circumstances.

Mature dendritic cells are potent antigen-presenting cells, particularly important in the
initiation of naive T cells in the regional lymph nodes.20-21 Under normal conditions,
however, dendritic cells reside in the lung tissue in an immature state. These resting cells are
scattered throughout in the bronchial and alveolar wall, capturing inhaled pathogens and
loading antigenic peptides onto MHC class Il molecules butunable to present them to T
cells. In response to danger signals, such as pathogens, proinflammatory cytokines, or
necrotic cells, dendritic cells start to mature and switch from an antigen-capturing to an
antigen-presenting and T cell-stimulating state.?!

One of the earliest of the danger signals is the release of TNF-a. This proinflammatory
cytokine has autocrine activities on macrophages and dendritic cells and stimulates a wide
array of functions, including maturation and activation. Although all mature dendritic cells
share a common ability to process and present antigen to naive T cells for the initiation of an
immune response, they differ in origin, surface markers, migratory patterns, localization,
and cytokine production.22 In murine models of airway inflammation, 2 subsets appeared
particularly interesting. Plasmacytoid dendritic cells make up the majority under baseline
conditions,23 and these cells were shown to be tolerogenic in allergen-induced
inflammation.24-26 On the other hand, myeloid dendritic cells migrate rapidly to the lung
during T2-type inflammation and exert potent T2 cell activation.24-26 Dendritic cells are
generally differentiated by the membrane marker CD11c, although this marker is shared
with alveolar macrophages. Myeloid dendritic cells are distinguished by expression of
CD11b.
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In vitro studies conducted on the direct effects of lung collectins on alveolar macrophages
have been somewhat controversial because they found both stimulation?/-30 and
inhibition27:31-33 of proinflammatory functions, including TNF-a production.34 Only a few
studies described the effects of SP-A and SP-D on dendritic cell function.35-37 In these
studies the authors found that SP-A inhibited and SP-D augmented the antigen-presenting
function of bone marrow—derived dendritic cells.3537 SP-D, however, inhibited antigen
presentation when dendritic cells were isolated from the lung.38 Based on these results, we
hypothesized here that TNF-a and SP-D serve as antagonists in the regulation of antigen-
presenting cells in the lung.

Animals and sensitization protocols

All experimental animals were housed under specific pathogen-free conditions. Experiments
were performed between 8 and 12 weeks of age. BALB/c, C57BL/6, TNF-a—transgenic, and
SP-D~/~ mice (both on a C57BL/6 background) and IL-4/IL-13 double-knockout and wild-
type 129xC57BL/6(F2) mice (provided by the laboratory of Dr Andrew McKenzie, Medical
Research Council, Cambridge, United Kingdom38) were used. For the in vitro type 11 cell
culture studies, adult (200 g) Sprague-Dawley rats (Charles River Laboratories, Wilmington,
Mass) were used, as previously described.15:39

BALB/c mice were sensitized and challenged with Aspergillus fumigatus, as described
previously,38 and studied 0 (not challenged), 1, 6, 12, 24, 48, and 72 hours later. In brief,
mice were sensitized intraperitoneally with 20 pg of A fumigatus (Hollister-Stier, Spokane,
Wash) together with 20 mg of alum (Imject Alum; Pierce, Rockford, Ill) in 100 uL of PBS at
days 0 and 14, followed by intranasal challenge on day 28 with 25 pL of A fumigatus extract
in glycerol-PBS. For intranasal treatment, mice were anesthetized by means of isoflurane
inhalation, and A fumigatus extract (25 ug) was applied to the left naris.

Anti-TNF-a mAb (a generous gift of Dr Anuk Das, Centocor, King of Prussia, Pa) and
isotype control rat IgG1 (0.6 mg in 100 uL of PBS; Sigma, St Louis, Mo) were injected
intravenously immediately before allergen challenge. Animals received water and food ad
libitum. All experimental procedures were under a protocol approved by the Institutional
Animal Care and Use Committee of the University of Pennsylvania.

Bronchoalveolar lavage and cell counts

Bronchoalveolar lavage (BAL) was performed as previously described.38 Briefly, lavage
was carried out once with 0.7 mL and twice with 1 mL of sterile PBS. BAL fluid was
centrifuged at 4°C for 10 minutes at 400g, and the pellet was resuspended in 1 mL of PBS.
Total cell counts were determined from an aliquot of the cell suspension by using a cell
counter (Beckman Coulter, Miami, Fla). Differential cell counts were done on
cytocentrifuge preparations (Cytospin 3; Thermo Scientific, Waltham, Mass) stained with
Kwik Diff (Thermo Scientific), counting 200 to 500 cells from each individual.
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Protein assay, cytokine and SP-D ELISA, and SP-D Western blotting

Total protein from cell-free supernatant of the BAL fluids was assessed by using the
Bradford Assay (Bio-Rad, Hercules, Calif). IL-13 and TNF-a. levels were determined by
using commercially available ELISA kits (R&D Systems, Minneapolis, Minn) with
detection limits of less than 5 pg/mL. ELISAs were performed according to the
manufacturer's instructions. For mouse SP-D ELISAs, we used an in-house anti-SP-D
polyclonal antibody and protocol, as previously published.0 Western blotting was
performed as previously described.4!

Isolation and culture of bone marrow—derived dendritic cells

Bone marrow cells were washed from the femurs and tibias of C57BL/6 or SP-D~/~ mice.
Single-cell suspensions were pooled from 5 mice, washed in sterile PBS, resuspended in
10% FBS/PBS and biotin-conjugated anti-mouse c-kit antibody (BD PharMingen, San
Diego, Calif), and incubated for 45 minutes on ice. Cells were washed, placed in pellets, and
resuspended in 500 pL of 10% FBS/PBS and streptavidin-coated microbeads (Miltenyi
Biotech, Auburn, Calif). Cells were incubated for 30 to 45 minutes at 4°C under constant
rotation. C-kit* cells were isolated by means of positive selection on a magnetic column.
Approximately 0.5 x 10 cells per well were plated in 6-well tissue-culture plates and
maintained in Iscove Modified Dulbecco Medium/10% FBS, 1% penicillin/streptomycin,
stem cell factor (SCF; 5 ng/mL), GM-CSF (2.5 ng/mL), and IL-4 (2.5 ng/mL). The medium
was changed on day 3. On day 4, nonadherent cells were removed into new plates, SCF was
replaced by TNF-a (2 ng/mL), and 1 or 5 ug/mL recombinant SP-D was added to some of
the cultures. On day 7, nonadherent cells were either harvested for FACS analysis or further
cultured in a new plate. FACS analysis of cells was performed on days 0 to 10.

FACS analysis of cells

BAL cells (pooled from 2-3 animals) and bone marrow—derived dendritic cells were
resuspended in staining buffer (5 x 10° cells in PBS with 2% FCS and 0.1% sodium azide).
Cells were blocked with anti-murine Fclll/Il (BD PharMingen) and then incubated with
phycoerythrin—conjugated anti-mouse CD11c, phycoerythrin-Cy5—conjugated anti-mouse
MHC class 11 (I-A/1-E), fluorescein isothiocyanate—conjugated anti-mouse CD86, or
fluorescein isothiocyanate—conjugated anti-mouse CD11b and their respective isotype
controls (all from eBioscience, San Diego, Calif). After cell-surface staining, cells were
washed twice with staining buffer and resuspended in Fixation Permeabilization buffer (BD
PharMingen) and incubated for 20 minutes at 4°C. Cells were washed with
Permeabilization/Wash buffer (BD PharMingen), resuspended in Permeabilization/Wash
buffer containing allophycocyanin—conjugated anti-mouse TNF-a. antibodies, and incubated
for another 30 minutes at 4°C. After intracellular staining, the cells were washed again in
Permeabilization/Wash buffer and resuspended in staining buffer. Flow cytometry was
performed on a FACSCalibur flow cytometer (BD Biosciences, San Jose, Calif). Data were
analyzed by using the Cell Quest software package (BD Biosciences). Thresholds for
positive staining were determined from the isotype-matched control samples.
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RNA isolation and real-time PCR

Total RNA from lungs was isolated with the Qiagen RNeasy Mini Kit (Qiagen, Valencia,
Calif), according to the manufacturer's instructions. RNA from the lung was reverse
transcribed with Superscript 111 reverse transcriptase (Invitrogen, Carlsbad, Calif).
Expression differences between groups were analyzed by means of real-time PCR with
SYBR Green Jump Start Taq ReadyMix (Sigma). Samples were run in triplicate (n = 3) on
an ABI SDS-7500. Results were analyzed by using the relative quantitation (AACt) method
and expressed as fold change (£ SEM).

Data analysis

RESULTS

We used Prism4 software (GraphPad, Inc, San Diego, Calif), Student t tests for pairwise
comparison, and 2-way ANOVA for analysis of time courses and dose responses. Data are
expressed as means = SEM. A P value of less than .05 was considered statistically
significant.

Expression of TNF-a in the airways was associated with enhanced production of SP-D

To study whether a regulatory link exists between TNF-a and SP-D, we first investigated
the temporal relationship between expression of these molecules using our previously
described model of single-allergen challenge of sensitized mice.154142 To dissect the
pathologic events characterizing the onset and resolution of the inflammatory airway
response, separate groups of animals were investigated 1, 12, 24, 48, and 72 hours after
allergen challenge, and sensitized but nonchallenged (0 hour) and naive mice were used as
control animals. There was a significant influx of mononuclear cells into the airways very
early, 1 hour after allergen challenge of sensitized mice. This influx paralleled the peak of
TNF-a release into the airways. Macrophage numbers showed a second peak 48 hours later;
however, it coincided with the height of SP-D expression and dampened levels of TNF-a..
Generally, increasing expression of SP-D was inversely associated with the inflammatory
changes (Fig 1, A), suggesting that TNF-a is part of the initiation phase and SP-D is part of
the resolution phase of the airway inflammatory response.

To study whether TNF-a. without allergen challenge can contribute to upregulation of SP-D
production, we used a model of TNF-a—transgenic mice. These mice specifically
overexpress TNF-a in alveolar type Il cells under the control of the human SP-C
promoter.#3-45 As shown in Fig 1, B, the expression of the gene encoding TNF-a was
almost 300-fold higher in TNF-a~transgenic mice compared with that seen in wild-type
control animals. Although the total protein content in the BAL fluid of these mice was not
significantly different (not shown), there was a 4-fold increase in SP-D levels in TNF-a—
transgenic mice compared with that seen in wild-type control animals, suggesting that TNF-
a might play a regulatory role in increased SP-D production. To test this hypothesis, we
treated the mice immediately before allergen challenge with a single intravenous injection of
anti-TNF-a antibody (0.5 mg). Blocking TNF-a resulted in a significant inhibition of SP-D
protein in the BAL fluid and mRNA in the lung tissue, indicating that inhibition of SP-D
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protein release into the BAL fluid (Fig 1, C, top panel) was commensurate with inhibition of
SP-D mRNA production isolated from the lung tissue of the mice (Fig 1, C, bottom panel).

To investigate whether TNF-a can directly regulate SP-D synthesis, we used an in vitro type
1 alveolar epithelial cell culture system, as described previously.3? Addition of TNF-a to
these cells up to 100 ng, however, did not alter SP-D levels recovered from the culture (data
not shown).

IL-13 directly stimulated enhanced production of SP-D in the airways

High TNF-a levels both in the allergen challenge model and the TNF-a overexpression
model were associated with 1L-13 mRNA activation (Fig 2, A and B) and 1L-13 protein
release (Fig 2, A). Intratracheal treatment of the mice with recombinant I1L-13 significantly
enhanced SP-D levels in the BAL fluid (Fig 2, C), indicating that TNF-a—associated 1L-13
can be responsible for enhanced SP-D production in the distal airways. To confirm that the
changes in the BAL fluid represent what happens at the tissue level, we showed in type Il
alveolar epithelial cell cultures that addition of 1L-13 directly enhanced SP-D protein levels
in a dose-dependent manner in the cell lysates (Fig 2, D). Furthermore, mice deficient in
IL-13 were significantly impaired in their SP-D responses after sensitization and challenge
with allergen (Fig 2, E).

Lack of SP-D in SP-D~~ mice resulted in abnormal count, morphology, and activation of
CD11c-expressing cells in the BAL fluid

In contrast to the inhibitory effects of high SP-D concentrations on macrophage numbers, in
mice lacking SP-D, there was a constitutively increased number of these cells in the BAL
fluid (P <.0001; Fig 3, A). To further evaluate the effects of the presence and absence of SP-
D on antigen-presenting cells in vivo, we analyzed BAL fluid cells for their morphology and
expression of CD11c, a marker for both macrophages and dendritic cells. Remarkable
differences in size and granularity can be seen between SP-D~/~ and wild-type mice by
means of FACS analysis on side and forward scatter (Fig 3, B, left panels). In addition,
cytospin preparations of BAL fluid cells showed abnormally enlarged foamy macrophages
in SP-D™/~ mice (Fig 3, B, right lower panels).

In contrast to our expectations, the numbers of CD11c* cells appeared much less abundant
in BAL fluid (Fig 3, C) and in whole lung-digests (data not shown) obtained from SP-D~/~
mice when compared with numbers seen in wild-type animals by means of FACS analysis.
To test whether CD11c was diminished in SPD™~ mice because of possible internalization
of this membrane molecule, we also performed immunochemical labeling. Indeed, CD11c
was characteristically membrane localized in wild-type BAL fluid cells, whereas it appeared
inside the cytoplasm in most of the BAL fluid cells in SP-D~/~ mice (Fig 3, D).

We further analyzed these cells because of their greater number, abnormal appearance, and
constitutively internalized CD11c suggesting activation. When we gated on the remaining
CD11c* cells of SP-D~/~ BAL fluid (or in whole lung digest), we observed an increased
expression of MHC class Il, CD86 (a costimulatory molecule), and CD11b (a marker of
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myeloid dendritic cells; Fig 3, E). Thus in addition to abnormal macrophages, we detected
the presence of activated myeloid dendritic cells in the BAL fluid of SP-D~/~ mice.

Lack of SP-D enhanced and presence of SP-D suppressed TNF-a expression in CD11c*

cells

To further investigate the effect of a lack of SP-D on alveolar antigen-presenting cell
function, we assessed the levels of intracellular (Fig 4, A and B) and soluble (Fig 4, C) TNF-
a in SP-D~/~ mice. Because these were naive animals on a C57BL/6 background, the levels
of TNF-a released in the BAL fluid were low. Nevertheless, there were significantly
increased amounts of TNF-a. in SP-D™~ mice compared with that seen in control animals (P
<.05; Fig 4, C).

The source of TNF-a in vivo was assessed by means of intracellular labeling of cells
obtained from BAL fluid, as well as digested whole-lung samples, from the mice by using
flow cytometry. These results show that CD11c* cells that were also positive for expression
of MHC class 11 and CD86 in the BAL fluid of SP-D™/~ mice expressed more than twice the
amount of TNF-a when compared with that seen in wild-type mice (P < .05; Fig 4, A and
B). We repeated these studies with cells from whole-lung digests and found very similar data
(data not shown). Although activated macrophages can contribute to the increased TNF-a
levels, expression of MHC class Il and CD86 on CD11c™ cells suggests that dendritic cells
also participate in TNF-a production. Indeed, simultaneous expression of CD11b (Fig 3, E)
or TNF-a (Fig 4, A and B) on CD11c/MHC class 11/CD86-positive BAL fluid cells of SP-
D/~ mice indicates the presence of activated myeloid dendritic cells that are likely good
producers of this proinflammatory cytokine. Because myeloid dendritic cell maturation is an
important process in eliciting airway inflammatory changes, we investigated the effects of
SP-D on maturation of bone marrow-derived dendritic cells in vitro. C-kit* cells were
isolated from bone marrow cell suspensions and cultured in the presence of SCF, GM-CSF,
and IL-4 until day 4. Nonadherent cells then were further cultured without SCF in the
presence of SP-D until day 10. Although most c-kit* cells were negative for the expression
of CD11c, MHC class Il, CD86, CD11b, and TNF-a on day 4 (Fig 4, D, left panel), by day
10, approximately 90% of the nonadherent cells were morphologically mature dendritic cells
with numerous long extensions (Fig 4, D, top right panel). Most of these cells were positive
for CD11c and expressed high levels of MHC class Il and the costimulatory molecule CD86,
as well as CD11b, integrin marker of myeloid dendritic cells. Moreover, most dendritic cells
were positive for TNF-a expression (Fig 4, D, bottom right panel).

Fig 4, E, shows that SP-D significantly inhibited MHC class Il (P <.0001), CD86 (P < .05),
and CD11b (P <.0001) expression. Additionally, there was a significant reduction in the
production of TNF-a by dendritic cells in the presence of SP-D, as measured by means of
intracellular TNF-a staining (P <.05). These results confirmed that SP-D has a suppressive
effect on the maturation of myeloid dendritic cells and suggested that this action might occur
at least in part by inhibiting autocrine production of TNF-a.

J Allergy Clin Immunol. Author manuscript; available in PMC 2014 May 17.
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DISCUSSION

Generation of the pleiotropic cytokine TNF-a induces development of inflammatory
responses characterizing many respiratory diseases, including asthma, chronic obstructive
pulmonary disease, and acute lung injury.*6 We have previously shown that the lung
collectin SP-D has immunosuppressive activitiesl® and that it protects against inflammatory
changes of the lung.%? In this study we investigated the regulatory link between these innate
immune molecules. Our data demonstrate an early increase of TNF-a levels in response to
allergen challenge in sensitized mice and late increases in SP-D associated with resolution of
the inflammatory changes. Lack of SP-D in the BAL fluid of gene-deficient naive mice
resulted in increased numbers of activated macrophages and myeloid dendritic cells that
constitutively expressed TNF-a.. On the other hand, when added exogenously, SP-D
inhibited maturation and TNF-a production of myeloid (bone marrow—derived) dendritic
cells in vitro. Because chronic inflammation in TNF-a~transgenic mice was not affected by
high SP-D levels, we propose that this lung collectin exerts its immunosuppressive activities
in the airways, at least partly, by suppressing TNF-a..

Our findings are in accordance with studies that showed that TNF-a upregulation is part of
the early pathologic changes occurring in asthmatic subjects and in murine models of
asthma.4748 Because TNF-a expression preceded increases in SP-D levels during the
allergic airway response, we tested whether this cytokine can contribute to upregulation of
SP-D production without allergic sensitization. Interestingly, mice specifically
overexpressing TNF-a in alveolar type 11 cells#3-45 had increased SP-D levels. In contrast,
treatment of mice with an anti-TNF-a antibody significantly inhibited SP-D expression.
Recombinant TNF-a by itself, however, did not increase SP-D production in epithelial cell
cultures.3® Therefore it is possible that instead of direct gene induction, TNF-a affects SP-D
production indirectly. At least in part, the extensive cell damage of airway and alveolar
epithelial cells that was previously described by Miyazaki et al*3 could account for
increased SP-D expression in TNF-a—overexpressing mice. However, such tissue changes
were found in 6-month-old mice and were not present in the animals used in our
experiments at the age of 8 weeks. On the other hand, high TNF-a levels both in the
allergen challenge model and the TNF-a overexpression model were associated with 1L-13
mMRNA activation and I1L-13 protein release. Because IL-13 has been shown to induce SP-D
production in vitro and in vivo,15 the increased SP-D expression might be a result of the
upregulation of IL-13. Indeed, intratracheal treatment of mice and isolated alveolar epithelial
cells with recombinant I1L-13 significantly enhanced SP-D levels in the BAL fluid and in the
cell lysates, respectively. Furthermore, IL-13-deficient mice were not able to mount an SP-
D response after allergen challenge. Thus TNF-a-associated I1L-13 might be responsible for
enhanced SP-D production in the distal airways.

There is a growing body of evidence that TNF-a and SP-D share cellular targets in
modulating the innate immune system and contribute on multiple levels to the pathogenesis
of acute and chronic airway inflammation. Early recruitment of antigen-presenting cells into
the airways, an important element of the initial inflammatory response, 2449 paralleled
release of TNF-a., with a peak 1 hour after allergen challenge of sensitized mice. On the
other hand, appearance of high levels of SP-D 48 hours later coincided with a second wave
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of mononuclear cell influx but no TNF-a release. We speculate that a TNF-a—induced
upregulation of SP-D in allergic inflammation or in TNF-a—overexpressing mice might be a
mechanism of protection that enables the restoration of immunologic homeostasis at the
conclusion of the inflammatory response. This hypothesis is supported by our data on SP-
D-deficient mice. Absence of SP-D in these animals had severe effects on the resident
antigen-presenting cell population in the lung. FACS analysis of the BAL fluid cells showed
that levels of CD11c, a cell-surface marker for dendritic cells and macrophages, was
significantly decreased, but it appeared intracellularly in a granular pattern, suggesting
internalization and possible association with lysosomes. Several studies have shown that SP-
D enhances phagocytosis of inhaled pathogens19-20 and that SP-D—deficient mice have
reduced clearance of pathogen-derived DNA fragments.>! This was initially attributed to the
opsonizing function of SP-D. However, it was recently suggested that SP-D also regulates
surface expression of CD11¢,%2 which is an important B,-integrin mediator of phagocytosis
of microbes®3 and apoptotic cells.>* Similarly to our findings, Senft et al>2 observed that
cell-surface expression of CD11c was drastically reduced and appeared in the lysosomes in
the BAL fluid cells of SP-D—deficient mice. Reduced surface expression of CD11c and an
abrogated phagocytic activity might contribute to increased production of TNF-a..%° Indeed,
by means of FACS analysis, we found significantly more TNF-a* cells in the BAL fluid of
SP-D—deficient mice than in wild-type mice.

The released TNF-a detected in the BAL fluid in our asthma model and in the SP-D-
deficient mice is most likely antigen-presenting cell derived. Therefore SP-D-mediated
inhibition of TNF-a production in these cells can serve as a potent mechanism by which
suppression of antigen-presenting cell function occurs. Because myeloid dendritic cell
maturation is an important process in airway inflammation,24 we investigated the effects of
SP-D on maturation of bone marrow—derived dendritic cells in vitro. SP-D significantly
inhibited MHC class Il, CD86, and CD11b expression and abolished production of TNF-a
in these cells. In the in vivo situation, this can have 2 main implications. First, immature
dendritic cells are efficient in removal of inhaled antigenic material. Second, immature
dendritic cells are not able to initiate a local T-cell response (rather they induce tolerance).
Thus high levels of SP-D can confer protection from chronic inflammation in the airways
and lung parenchyma by inhibiting local maturation of the highly proinflammatory dendritic
cell population.

Taken together, our study indicates that TNF-a initiates not only proinflammatory changes
during the airway response but also anti-inflammatory mechanisms, including enhanced
production of SP-D at the later stages. We propose that such an increase in SP-D is
necessary to counterbalance the action of TNF-a and that the antagonistic effects of these
innate immune regulators might be manifested through antigen-presenting cell function in
the airways.
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FIG 1.
Expression of TNF-a in the airways was associated with increased numbers of

macrophages, and it preceded enhanced production of SP-D. A, BALB/c mice were
sensitized and challenged with Aspergillus fumigatus (Af) and studied before (0) and after
challenge. B, Constitutive TNF-a expression was targeted into lung type 11 alveolar
epithelial cells by using an SP-C promoter construct. C, Mice were injected with anti-TNF-
a or isotype control antibodies (0.5 mg) immediately before allergen challenge and were
studied 24 hours later. Total and differential cell counts were assessed, and TNF-a and SP-
D protein release was analyzed by means of ELISA (Fig 1, A and B) and Western blotting
(Fig 1, C; 3 representative bands of n 5 6 in each group). TNF-a. (Fig 1, B) and SP-D (Fig 1,
C) mRNA expression in the lung tissue was studied by means of real-time PCR. Results are
presented as means £ SEMs (n = 6). *P < .05. N, Naive mice; Wt, wild-type; TNFa-tg,
TNF-a~transgenic mice; MP, macrophage; EP, eosinophil; NP, neutrophil; LC,
Lymphocyte.
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FIG 2.
Enhanced SP-D expression in the airways is directly stimulated by I1L-13. A, BALB/c mice

were sensitized and challenged with Aspergillus fumigatus (Af) and studied at the indicated
time points. B, Constitutive TNF-a expression was targeted into lung type 11 alveolar
epithelial cells by using an SP-C promoter construct. C, Recombinant mouse 1L-13 (1.5 pug)
or BSA was administered intratracheally to sensitized mice, and BAL fluid SP-D levels
were studied 24 hours later. D, Isolated rat type Il alveolar epithelial cells were cultured with
IL-13 for 4 days. E, IL-13—deficient mice were sensitized and challenged with the allergen
and studied 24 hours later. 1L-13 protein in BAL fluid (Fig 2, A) was assessed by means of
ELISA. IL-13 mRNA (Fig 2, A and B) in the lung was studied by means of real-time PCR.
SP-D protein content was analyzed by using Western blotting (Fig 2, C-E). Results are
presented as means £ SEMs (n = 6). *P < .05. N, Naive mice; Wt, wild-type, TNFa-tg, TNF-
a-transgenic mice.
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FIG 3.

Lack of SP-D in gene-deficient (SP-D~-) mice resulted in abnormal count, morphology, and
activation of CD11c-expressing cells in the BAL fluid. A, Total counts of BAL fluid cells
from wild-type (Wt) and SP-D~~ mice (mean + SEM of n 5 8). B, Morphologic differences
between Wild-type and SP-D™~ BAL fluid samples by means of FACS analysis (left panels)
and light microscopic analysis of cytospin preparations (right panels). C and D, Expression
of the dendritic cell and macrophage marker CD11c on wild-type and SP-D™~ BAL fluid
cells, as assessed by labeling with phycoerythrin-conjugated anti-mouse mAb by means of
FACS analysis (Fig 3, C) and immunocytochemistry (Fig 3, D). E, CD11c™ cells were gated
in the BAL fluid of SP-D™~ and wild-type mice and analyzed for expression of MHC class
I, CD86, and CD11b by using mAbs. Fig 3, B through E: Representative samples of 3
independent experiments. Isotype controls were also used for MHC class Il, CD86, and
CD11b antibodies (data not shown).
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FIG 4.
Lack of SP-D enhanced and presence of SP-D suppressed TNF-a expression in CD11c*

cells. A, Representative FACS histograms of intracellular TNF-a expression in
CD11c¢/MHC class 11/CD86-positive BAL fluid cells. B, Quantitative analysis of TNF-a in
wild-type (Wt) and SP-D™~ BAL fluid cells. C, Cell-free BAL supernatant was analyzed for
TNF-a in naive wild-type and SP-D~/~ mice (mean = SEM of n = 6). *P < .05. D and E,
Bone marrow-derived c-kit* cells were cultured as described. Fig 4, D: Cells were analyzed
for morphologic characteristics by using carboxyfluorescein succinimidy! ester labeling of
cytospin preparations (top panels) and FACS on day 0 (left panels) and day 10 (right
panels). MHC class Il, CD86, CD11b, and TNF-a expression was assessed on CD11c-gated
cells. Fig 4, E: Recombinant mouse SP-D was added on day 4 of the culture. CD11c* cells
were analyzed for MHC class I, CD86, CD11b, and TNF-a expression on day 10 (mean
SEM of n = 6). *P < .05, **P < .01.
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