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Abstract
Lung infections are important risk factors for an increased morbidity and mortality in prematurely-
delivered babies. Immaturity of the innate immune components makes them extremely susceptible
to infection. Recently, we isolated lung dendritic cell (DC)-precursor cells from preterm fetal
baboons. The isolated cells were found to be defective in phagocytosing Escherichia coli under
basal conditions. In this study, we investigated the effects of exogenously-added purified native
lung surfactant protein (SP)-A and recombinant Toll-like receptor (TLR)-4-MD2 proteins on
phagocytic uptake and cytokine secreting ability of fetal baboon lung DC-precursor cells. The
cells were pulsed with SP-A and/or TLR4-MD2 proteins and the phagocytic function was
investigated by incubating the cells with fluorescent-labeled E. coli bioparticles and analyzed by
spectrofluorometry. The amounts of TNF-α secreted in cell-free supernatants were measured by
ELISA. Our results demonstrate that SP-A and TLR4-MD2 proteins, whether added alone or
together, induce phagocytosis of E. coli (p<0.05). The SP-A does not affect TNF-α secretion,
while the TLR4-MD2 protein induces TNF-α. However, simultaneous addition of SP-A with
TLR4-MD2 protein reduces the TLR4-MD2-protein induced TNF-α to basal level. In conclusion,
our results indicate that an exogenous administration of SP-A can potentially induce phagocytic
activity and anti-inflammatory effect in preterm babies, and help control infection and
inflammation.
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Introduction
Preterm infants are highly susceptible to infections; this increased susceptibility to infections
is associated with perturbed development and extreme immaturity of immune system. The
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antigen-presenting cells have an important role in pathogen-uptake, processing and in
regulating the inflammatory and adaptive host immune responses. Among various types of
antigen-presenting cells, dendritic cells (DCs) have been recognized as the most potent
antigen-presenting cells [1–4]. In the past, several studies have confirmed
immunomodulatory role of lung DCs against a variety of antigens in adult humans and
animal models with a mature immune system [5–10]. However, the phenotypes and
functions of lung DCs remained poorly known in preterm babies till recently. For the first
time, we isolated unique low-density lung DC population from preterm baby baboons [11].
The cells have density similar to adult baboon lung DCs, are lineage-negative and defective
in responding to infectious stimuli. Overall our results suggest that despite having similar
isolation characteristics, this unique cell-population harvested from fetal lung does not
belong to conventional immature or mature DC category [11]. Recent results from our lab,
further demonstrate that the fetal DC-precursor cells express low level of DC-markers, and
incubation with DC-promoting cytokines (GM-CSF, IL-4 and TNF-α) induces
differentiation of these fetal cells into typical DCs (unpublished results). Based on these
properties, we identified them as DC-precursor cells [11].

The DCs are well known to co-ordinate innate and adaptive immunity via pathogen-pattern
recognition receptors, such as Toll-like receptors (TLR), mannose receptors, scavenger
receptors and collectins (such as surfactant protein-A, SP-A) [12]. Deficiencies or functional
defects of pathogen-pattern recognition receptors can negatively affect the DC functions,
compromise the host defense and lead to serious consequences in early life-periods of
preterm babies [13]. We focus on SP-A, a major protein of lung surfactant that lines the
alveoli, and TLR-4, a potent membrane-receptor that senses both pathogen-associated and
damage-associated molecular patterns (PAMP and DAMPs) during infection [14–15].

Earlier we observed that the expression of SP-A and TLR4 is undetectable or negligible in
lung tissues of fetuses (at 67%–75% of complete gestation term) under steady-state
condition, and increases to the levels equivalent to adult counterparts as the gestation period
reaches closer to term [16–18]. However, preterm birth, mechanical injury (ventilation-
associated) and infection significantly influence the lung-homeostasis and decrease the
alveolar SP-A pools to significantly low levels [16–17]. In contrast, the expression of TLR4
is increased in preterm babies having lung infection [18].

To this end, recent understanding in the field suggests that SP-A and TLR4 both enhance the
phagocytosis. The lack of SP-A in alveoli may compromise the uptake of pathogens.
However, an exaggerated activation of TLR4 can lead to chronic inflammatory response or
“cytokine storm” [19–23]. This pattern correlates well with fulminating infection (low SP-A
= low phagocytic uptake) and inflammatory response (increased TLR4 = increased amounts
of pro-inflammatory cytokines) in preterm babies having lung infection. These results led us
to hypothesize that the introduction of SP-Abased clinical surfactants and TLR4-antagonists
may compensate for the loss of SP-A and downregulate an exaggerated TLR4-mediated
inflammatory response, respectively. It has also been learned recently that SP-A interacts
with TLR4 in vitro [24–25] and in lung (manuscript under revision) [26]. Thus, introduction
of SP-A may have an effect on TLR4-mediated immune responses. Here, we investigated
the immunomodulatory effects of native SP-A and recombinant TLR4-MD2 proteins on
selected immune functions (phagocytosis and cytokine response) of fetal baboon lung DC-
precursor cells and compared with those of adult baboon lung DCs. Our results suggest that
in both adult and fetal systems, pulsing of cells with SP-A and TLR4-MD2 proteins
increases the phagocytic uptake of Escherichia coli bioparticles. When added together, no
additive effect was demonstrated on phagocytic function of DCs. Co-incubation of cells with
SPA and TLR4-MD2 proteins, however, significantly inhibits the TLR4-MD2-induced
release of TNF-α against E. coli.
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Overall, our results support a significant role of SP-A in improving innate phagocytic
function and in suppressing the TLR4-mediated deleterious inflammatory response against
infectious stimuli.

Materials and Methods
Baboon lung tissues

The animal studies were approved by Institutional Animal Care and Use Committees,
Environmental Health and Safety or Institutional Biosafety Committee of the University of
Oklahoma Health Science Center, Oklahoma City, OK (OUHSC). Baboon (Papio anubis)
colonies are maintained at Baboon Resources, OUHSC, Oklahoma City, OK. At the time of
necropsy, whole fresh lung or a lobe of lung from fetal (delivered at 125 ± 4 days of
gestation; 125dGA, complete term = 185dGA) and adult baboons (age range 10–22 years)
were collected in RPMI 1640 medium containing 2 mM glutamine, 1 mM N-2-
Hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES), 10 μg/ml gentamicin, 100 U/ml
penicillin, 100 μg/ml streptomycin and 10% fetal bovine serum (low endotoxin <10EU/ml,
FBS; Invitrogen, Carlsbad, CA). None of the animals recruited in this study showed any
clinical sign of infection or lung pathology. Gross examination of all major viscera and the
placenta revealed no signs of inflammation or infection.

Purification of baboon lung SP-A
We purified SP-A from bronchoalveolar lavage fluid of a normal healthy adult baboon by a
slight modification of the procedure described previously [27]. The bronchoalveolar lavage
fluid was collected from an adult baboon lung by instilling endotoxin-free, sterile normal
saline (endotoxin-free 0.9% NaCl, 1.9–2 L with approximately 90% recovery). The lavage
fluid was centrifuged, and the supernatant was concentrated using a tangential flow filtration
technique (10 kDa hollow fiber filter; GE Healthcare BioSciences Corp, NJ). The surfactant
lipids were removed using isobutyl alcohol (1:5 ratio lavage: isobutyl alcohol). The
delipidated protein was centrifuged at 5,000 × g for 15 min at room temperature, dried under
nitrogen gas, and subsequently completely dried in a lyophilizer (Labconco, MO). The dried
lavage residue was rehydrated in extraction buffer (25 mM Tris (pH 7.5), 0.15 M NaCl, and
20 mM octyl-β-D-glucoside) overnight at 4°C. Rehydrated surfactant was extracted six
times with extraction buffer by vortex mixing and centrifugation at 20,000 × g for 30 min at
4°C. Insoluble SP-A was then suspended in solubilization buffer (5 mM HEPES, pH 7.5,
0.02% sodium azide) and dialyzed for 72 h against four changes of the solubilization buffer.
Insoluble protein was removed by centrifugation at 50,000 × g for 30 min at 4°C, and
supernatant was adjusted to 20 mM CaCl2 and 1 M NaCl to re-precipitate SP-A. Precipitated
SP-A was pelleted by centrifugation at 50,000 × g for 30 min at 4°C, and washed two times
in 5 mM HEPES (pH 7.5), 20 mM CaCl2 and 1 M NaCl. The SP-A was suspended in 5 mM
HEPES, 5 mM EDTA (pH 7.5) and dialyzed for 72 h against four changes of the
solubilization buffer to remove EDTA. The purified SP-A was dialyzed against four changes
of the endotoxin-free, highly-purified water (Invitrogen, CA) for 72 h to remove any
remaining EDTA or salts (CaCl2 and NaCl). Finally, purified SP-A was lyophilized
completely and resuspended in endotoxin-free Dulbecco’s phosphate buffered saline. The
purified protein was filter-sterilized using a 0.2 μm low-protein binding, HT Tuffryn
membrane filter (Pall Life Sciences, NY) and stored frozen at −80°C. The protein
concentration of purified SP-A was measured by microBCA method (Pierce, IL).

All the purification steps were performed under aseptic conditions using endotoxin-free
solutions and reagents. The endotoxin concentration was measured using the End-point
chromogenic Limulus Amebocyte Lysate (LAL) assay (Charles River Laboratories, MA).
The purity of the SP-A protein was confirmed by SDS-PAGE and Western blotting using
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the procedures described earlier [16–17]. The isolated protein was further characterized by
high performance liquid chromatography (HPLC) on a Phenomenex C-18 reverse phase
column using solvents acetonitrile/water/trifluoroacetic acid (60:40:1) at 1ml/min, with the
UV detector set at 280 nm. The retention time of SP-A was determined to be 1.3 min.

Culture of KG-1-derived DCs and isolation of primary lung DCs
KG-1 cells (Bone marrow myeloblast cells derived from a leukemia patient; ATCC, VA)
were cultured in the presence of recombinant human-GM-CSF (100 ng/ml), IL-4 (100 ng/
ml) and TNF-α (40 ng/ml) (all the cytokines were purchased from PeproTech, NJ) for a
period of 5 days [28–30]. The phenotype and morphology of the KG-1-derived DCs were
confirmed by flow cytometry and light microscopy, respectively [31]. The KG-1-derived
DCs were included as model system to optimize the amounts of effector molecules (purified
baboon lung SP-A and recombinant TLR4-MD2 proteins).

Isolation of adult baboon lung DC or fetal baboon lung DC-precursor
population—Freshly collected lobe of the lung or whole lung samples of adult and fetal
baboons were transported on ice in RPMI 1640 medium containing 2 mM glutamine, 1 mM
HEPES, 10 μg/ml gentamicin, 100 U/ml penicillin, 100 μg/ml streptomycin and 10% FBS.
After a mild mechanical disruption, the single cell suspension was seeded in tissue culture
flask (Nalge-Nunc International Corp, NY) at a density of 30–50×106 leukocytes/175 cm2

flask in RPMI 1640 medium containing 2 mM glutamine, 1 mM HEPES, 10 μg/ml
gentamicin, 100 U/ml penicillin, 100 μg/ml streptomycin and 10% FBS. The light-density
DC-populations were harvested using OptiPrep cell-separation solution (density 1.32 g/ml,
Accurate Chemicals, NY) [31] [11]. Basic characteristics of lung DC-precursor cells and
DCs isolated from fetal and adult baboons have been described earlier [11]. Here, first we
compared the immunophenotype of KG-1-derived DCs and fetal baboon lung DC-
precursors or adult baboon lung DCs by flow cytometry. Briefly, cells were suspended in
Dulbecco’s phosphate buffered saline (DPBS) containing 1% FBS and 0.09 % sodium azide
and incubated with fluorochrome-conjugated antibodies to HLA-DP, DQ, DR, CD11c,
CD40, CD80, CD86 (typical DC-markers) as described earlier [11].

Expression of endogenous TLR4 by flow-cytometry and western blotting
Flow cytometry—The harvested cells were suspended in 100 μl DPBS containing 1%
FBS and 0.09 % sodium azide. Previously titrated phycoerythrinin (PE)-conjugated anti-
human TLR4 antibody (BD Biosciences, CA), was added at the ratio of 1 μg antibody per
1×106 cells. Cells and antibody were incubated for 30 min on ice in the dark. The cells were
washed thrice with PBS containing 1% FBS and 0.09% sodium azide and fixed in freshly
prepared 0.5% paraformaldehyde. The cells were run through an automated dual laser
excited FACS Calibur at the Flow and Imaging Core Facility (OUHSC, Oklahoma City).
The histogram and dot-plot charts were obtained and analyzed using Summit V4.3 software
(Dako Colorado Inc, CO). The isotype control antibody-stained cells served as controls for
background staining.

Western immunoblotting—For western immunoblotting, whole cell lysates were
prepared in lysis buffer (50 mM Tris-HCl, pH 7.4) containing 1% Igepal, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenyl methyl sulfonyl fluoride (PMSF),
and 1 μg/ml each of leupeptin and pepstatin. After protein estimation, about 15 μg of total
proteins were fractionated by Novex 4–20% Tris–glycine gradient SDS-PAGE gel
(Invitrogen, CA). Separated proteins were electro-transferred onto a nitrocellulose
membrane using iBlot gel transfer device (Invitrogen, CA). The non-specific sites were
blocked by incubating the membrane with 7% skimmed milk in Tris-buffered saline with 0.4
% Tween-20 (TBST). The blocked membrane was incubated overnight at 4°C with
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monoclonal antibody against TLR4 (clone HTA125; ebioscience, CA) diluted 1:1000 in
TBST. The membrane was washed and incubated with horse-radish peroxidase (HRP)-
conjugated-anti-rabbit-IgG antibody (Sigma–Aldrich, MO) diluted 1:1000 in TBST. The
immunoreactive bands were detected by SuperSignal West Femto detection reagent
(Thermo Fischer Scientific, IL).

Cellular distribution of exogenously added TLR4-MD2 protein
Since KG-1-derived-DCs, adult baboon lung DCs and fetal baboon lung DC-precursor cells
expressed negligible amounts of TLR4 protein, the cells were pulsed with recombinant
human TLR4-MD2 proteins (RnD Systems, MN). The cellular distribution of exogenously-
added recombinant TLR4-MD2 protein was investigated by confocal microscopy and flow
cytometry.

Labeling of recombinant TLR4-MD2 protein with Alexa-fluor 594 fluorescent
dye—Recombinant TLR4-MD2 protein was labeled with Alexa-fluor 594 fluorescent dye
using a microscale protein labeling kit (Invitrogen-Molecular Probes, CA) optimized for
labeling proteins with molecular weights between 12 and 150 kDa, as per the manufacturer’s
directions. Briefly, 40 μg of recombinant TLR4-MD2 protein (at the concentration of 1 mg/
ml in DPBS) was labeled with Alexa-Fluor 594 carboxylic acid, succinimidyl ester
(Excitation/Emission wavelengths: 590/617nm). The pH of the protein was adjusted to 8.3
using 1/10 volume of 1M sodium bicarbonate, and Alexa-Fluor 594 reactive dye stock
solution (12.2 nmol/μl) was added to the protein. The protein:dye mixture was incubated for
15 min at room temperature. Fluorochrome-conjugated protein was then separated from
unconjugated dye using a spin filter conditioned with gel resin. The spin filter loaded with
reaction mixture was centrifuged at 16,000 × g for 1 min. The absorbance of the Alexa-Fluor
594 dye-conjugated TLR4-MD2 protein was read at 280 nm and 590 nm using UV/Vis
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, DE) and degree of
labeling (DOL) was determined using following formula:

Where A280 and A590 are the protein’s absorbance at 280 nm and at 590 nm, respectively.
The value of 0.56 is a correction factor for the fluorophore’s contribution to the A280, and
90,000 cm−1M−1 is the approximate molar extinction coefficient of the Alexa-Fluor 594
dye.

Cellular distribution of Alexa-fluor 594-conjugated TLR4-MD2 protein by
confocal microscopy—The KG-1-derived DCs were seeded at a density of 2.5×105 cells
per well in an 8-well chamber slide (Nalge Nunc international, NY) in serum-free Opti-
MEM medium (Invitrogen, CA). The cells were then incubated with 10 μg of Alexa fluor
594-conjugated recombinant TLR4-MD2 protein (DOL ~4.0) for 1h and 4h at 37°C in 5%
CO2 atmosphere. Thirty minutes prior to the completion of incubation period, the Vybrant
DiO cell labeling solution (5 nM final concentration, Invitrogen-Molecular Probes, CA) and
Hoechst 33342 dye (0.3 μg/ml final concentration, Invitrogen-Molecular Probes, CA) were
added to the cells for staining cell-cytoplasm and nucleus, respectively. Finally, the cells
were washed twice in Opti-MEM medium, fixed using Vectashield-antifade mounting
medium (Vector Laboratories, CA) and observed under Leica TCS SP2 AOBS (Acousto
Optical Beam Splitter) multi-photon laser confocal microscope at the Flow and Image
Cytometry laboratory (OUHSC, Oklahoma City). Images were acquired with 63× lense
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objective (at excitation/emission wavelengths: 405/410–550 nm for Hoechst 33342 dye,
488/500–550 nm for DiO dye, and 594/610–660 nm for Alexa-fluor 594 dye) and were
analyzed using the Leica TCS software (Leica Microsystems CMS, Mannheim, Germany).
Finally, the images acquired were merged and composite pictures were obtained.

Localization of Alexa-fluor 594-conjugated TLR4-MD2 protein by flow
cytometry—The KG-1-derived DCs were suspended in Opti-MEM medium at the density
of 2.5×105 cells per 100 μl and incubated with 10 μg Alexa-fluor 594-conjugated
recombinant TLR4-MD2 protein. After 1h and 4h of incubation, cells were washed thrice in
fresh Opti-MEM medium, re-suspended in 500 μl of 37°C pre-warmed DPBS, and run on
Influx Cell Sorter (BD Biosciences, CA) at the Flow and Image Cytometry laboratory
(OUHSC, Oklahoma City). The cells were gated to remove debris and histogram charts were
obtained at 624–40 nm emission wavelengths. Cell-staining with Alexa-fluor 594-
conjugated TLR4-MD2 protein was analyzed using Summit V4.3 software (Dako Colorado
Inc, CO).

Phagocytosis assay
In this study, we employed pHrodo-conjugated, heat-killed E. coli K12 (encapsulated)
bioparticles (Invitrogen-Molecular Probes, CA). The pHrodo-fluorescent label offers
advantage over other conventional methods, that it fluoresces only in acidic conditions i.e.
after the bioparticles are taken inside the intracellular lysosomes (Invitrogen-Molecular
Probes, CA). To ensure that the fluorescence relates to phagocytosed pHrodo-conjugated E.
coli bioparticles only, the phagocytosis reaction mix was imaged by confocal microscopy.
Briefly, the KG-1-derived DCs were seeded at a density of 2.5 × 105 cells/well in an 8-well
chamber slide and incubated with pHrodo-conjugated E. coli K12 bioparticles (one cell-to-
~300 bacterial bioparticles) for 3h. The Hoechst 33342 dye was added to the cells (0.3 μg/ml
final concentration, Invitrogen-Molecular Probes, CA). The cells were washed once, re-
suspended in Opti-MEM medium, fixed with Vectashield-antifade mounting medium
(Vector Laboratories, CA), and observed under Leica TCS SP2 AOBS (Acousto Optical
Beam Splitter) multi-photon laser confocal microscope (at excitation/emission wavelengths:
550/600 nm for pHrodo-labeled bioparticles, 405/410–550 nm for Hoechst 33342 dye) and
under brightfield. Images taken at different wavelengths were merged, and composite
pictures were obtained.

After confirming that the fluorescence is of phagocytosed bioparticles, comprehensive
experiments were performed in presence and absence of effector molecules (SP-A and
TLR4-MD2 proteins). The cells were pulsed with purified, native baboon lung SP-A and
recombinant human TLR4-MD2 or MD2 proteins (RnD Systems, MN) for an hour prior to
phagocytosis assay with pHrodo-conjugated, heat-killed E. coli K12 bioparticles
(Invitrogen-Molecular Probes, CA). We also included MD2 protein because SP-A is known
to interact with MD2, and questioned if MD2 can influence the immune functions of DC-
population. The assay was performed in serum-free Opti-MEM medium (Invitrogen, CA), as
described by the manufacturer (Invitrogen-Molecular Probes, CA). The assay mixtures were
incubated for another 3h at 37°C in 5% CO2 incubator. The fluorescence readings were
taken at 550 nm excitation and 600 nm emission wavelengths using SpectraMax M2
spectrofluorometer (Molecular Devices, CA).

The phagocytosis index was calculated by subtracting the average fluorescence intensity of
the reaction with bioparticles alone from the control (basal without any effector molecules)
and experimental wells. Finally, the percent effect was calculated using the following
formula:
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The percent phagocytosis of E. coli bioparticles was also confirmed by fluorescence
microscopy in representative reaction wells. The cell-free supernatants were collected after
taking the fluoremetric readings, and stored at −80°C for further analysis.

Cytokine (TNF-α) measurement
The TNF-α levels were measured in cell-free supernatants by enzyme linked immunosorbent
assay (ELISA) using a commercially available kit (eBioscience, CA), as per the
manufacturer’s instructions. Briefly, the microwells of a 96 well plate were coated with
diluted purified anti-human TNF-α antibody. The wells were washed and nonspecific sites
were blocked. Diluted recombinant human TNF-α (7.8–500 pg/ml standard) and cell-free-
supernatant (1:10) were added to the antibody-coated wells and the plate was incubated
overnight at 4°C. Next day, the plate was washed and incubated with biotin-conjugated anti-
human TNF-α antibody followed by avidin-horseradish peroxidase and substrate solution.
The reaction was stopped by adding 2 N H2SO4 and read at 450 nm (Molecular Devices,
CA).

Statistical Analysis
The results were analyzed by Student’s t-test for statistical significance using Prism software
(Graphpad, San Diego, CA). p<0.05 was considered significant.

Results
The fetal baboon lung DC-population collected from top of the density gradient were unique
to fetal baboons, and were not identified in adult baboon. Details on morphologic,
phenotypic characteristics and functions of primary lung DC-population have been reported
earlier [11]. We identify the fetal lung DC population as DC-precursors [11].

Prior to conducting experiments with adult baboon lung DCs or fetal baboon lung DC-
precursor cells, the KG-1-DCs (harvested on 6th day of culture) were used in the initial
experiments to optimize the concentration of effector molecules. Morphologically, KG-1-
derived DCs harvested on day 5 of culture were round and did not show any tentacles or
dendrites (typical of immature DCs). However, after 13 days, the DCs developed dendrites
and irregular shape, characteristic features of mature DCs (Figures 1A and B). Flow
cytometry analysis of cell-surface-antibody-stained cells showed that KG-1 cells transform
into DCs after 13 days and express HLA-DP,DQ,DR, CD11c, CD40, CD80 and CD86 cell-
surface markers, characteristics of typical DCs (Figure 1C). On comparison, we found that
the KG-1-derived DCs express DC-markers to levels similar to those in adult baboon lung
DCs (Figures 1C and 1D). The fetal baboon lung DC-precursor cells showed negligible
levels of DC-markers except CD80 and CD86 (Figure 1E). Later, we used primary lung DCs
isolated from healthy adult baboons and DC-precursor cells isolated from fetal baboons [11]
to study the immunomodulatory effects of SP-A and TLR4-MD2 proteins against infectious
stimuli.

Characterization of purified native baboon lung SP-A
To elucidate the effects of SP-A, first we purified the native SP-A protein from
bronchoalveolar lavage fluid specimens of a normal, healthy adult baboon [16–17]. The
purity and identity of the native baboon lung SP-A was confirmed by SDS-PAGE, western
blotting and HPLC. Under partially-reducing conditions (heating and no DTT), SP-A
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separated as an oligomer, ~ 100 kDa trimer, and a 66 kDa dimer on the SDS-PAGE gel.
Under reducing condition (heating + DTT), SP-A ran as 32–34 kDa monomer and 66 kDa
partially reduced dimer (Figure 2A). The purified baboon lung SP-A protein was also
immunoblotted with SP-A antibody which identified the SP-A-specific protein bands
(Figure 2B). The HPLC chromatogram further confirmed the purity of SP-A (Figure 2C).
Since the TLR4-MD2 proteins are less abundant in biological system, and it is difficult to
obtain native TLR4-MD2 protein in sufficient quantity, recombinant human TLR4-MD2
protein (RnD Systems, MN) was used.

Since TLR4 is a potent receptor for endotoxin, the presence of endotoxin can significantly
influence the results. We prepared all the solutions and reagents in endotoxin-free water and
performed all the assays in an aseptic environment. We measured the endotoxin
concentration in the purified baboon SP-A and in the reconstituted TLR4-MD2 and MD2
proteins by chromogenic LAL method (Charles River Lab, MA). The endotoxin
concentration was negligible in purified baboon SP-A (0.0003 ng/μg protein) and in
recombinant TLR4-MD2 and MD2 protein suspensions (≤ 0.006 ng/μg protein).

KG-1-derived DCs and primary DCs express negligible TLR4 protein under normal
conditions; exogenously added TLR4-MD2 protein localizes mainly on the cell surface

The basal cell-surface expression of TLR4 was negligible in primary adult baboon lung DCs
and KG-1-derived DCs (Figure 3). The expression of TLR4 was also undetectable in fetal
lung DC-precursor cells (not shown). Thus, we pulsed the DCs with recombinant TLR4-
MD2 protein prior to the phagocytosis assay. We tracked and studied the localization of
Alexa-fluor 594-conjugated TLR4-MD2 protein in the KG-1-derived DCs by confocal
microscopy. Confocal images showed that the TLR4-MD2 protein localized mainly on the
cell membrane (Figures 4A and 4B). Flow-cytometric analysis of DCs pulsed with Alexa-
fluor 594-labeled TLR4-MD2 protein showed that there is an increase in MFI values and
percent number of cells staining positive for Alexa-fluor 594 stain. These findings further
confirmed that the TLR4-MD2 protein localizes on the cell-surface (Figure 4C).

Exogenous addition of native SP-A and recombinant TLR4-MD2 proteins increases the
phagocytic uptake of E. coli bioparticles

In this study, we utilized pHrodo-labeled, heat-killed encapsulated E. coli K12 bioparticles
for investigating the phagocytic ability of DCs. First, we confirmed the fluorescence of
phagocytosed bioparticles in KG-1-derived DCs by confocal microscopy. The images
showed that only the phagocytosed bioparticles fluoresce (Figure 5A). In Figure 5A, a
fluorescent cell is focused that has taken up the bioparticles. In contrast, the extracellular
bioparticles in the same field, settled at the bottom of the well (z-stack slice # 69.8 μm) or
floating towards the top (z-stack slice #1.94 μm) do not emit any fluorescence at all (Figures
5A and 5B).

In comprehensive phagocytosis experiments, the fluorescence signal reflecting the red
fluorescence emitted by phagocytosed pHrodo-labeled E. coli bioparticles, was measured by
spectrofluorometry using identical wavelengths setting. Briefly, the KG-1-derived DCs were
incubated with purified baboon lung SP-A protein ± TLR4-MD2 protein. The % net effect
on phagocytosis was calculated in the presence of effector molecules (TLR4-MD2, MD2
and SP-A) after normalizing with the basal phagocytosis in the absence of the effector
molecules. The percent phagocytosis calculated by fluorescence microscopy (number of
fluorescing cells/total number of cells in a composite of 5 different fields) correlated with
the phagocytosis indices calculated by the spectrofluorometry methods. Our data suggest
that both SP-A and TLR4-MD2 proteins increase the phagocytic uptake of E. coli
bioparticles by 1.5–2 fold in concentration-dependent manner (p<0.05, Figures 5C and 5D).
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The MD2 protein alone did not affect the phagocytosis (Figure 5E). Next, the phagocytosis
assay was performed with primary lung DC or DC-precursor population in presence of
purified SPA (2 μM) and TLR4-MD2 (0.3 μM) proteins at concentrations that provided
maximum phagocytic uptake in KG1-derived DCs (Figures 5F and 6). The results suggest
that, similar to KG-1-derived DCs, the phagocytic uptake of E. coli is increased in the
presence of exogenous SP-A (p<0.05) and TLR4-MD2 protein in primary baboon lung DCs.
When SP-A and TLR4-MD2 proteins were added together, the phagocytic uptake of E. coli
remained increased as compared to basal level, however, no additive effect was observed
(Figure 6).

SP-A reduces the TLR4-MD2 protein-induced TNF-α release against E. coli
We measured the TNF-α levels in cell-free supernatants of primary adult baboon lung DCs
and fetal baboon lung DC-precursor cells treated with SP-A ± TLR4-MD2 proteins after 3h
of phagocytosis reaction. Addition of purified lung SP-A did not induce the secretion of
TNF-α by DCs in response to E. coli, but pulsing with TLR4-MD2 protein increased the
TNF-α secretion significantly (p<0.05). However, when the SP-A and TLR4-MD2 proteins
were added together to the cells and incubated further for another 3h with E. coli, the TNF-α
levels were equivalent to those incubated without any exogenous protein or with SP-A only
(Figure 7). There was no major difference in responses elicited by DC-populations harvested
from adult or fetal baboon lung (Figures 7A and 7B), except that the amounts of TNF-α
were lower in fetal cells.

Discussion
The results of our earlier study on fetal baboon bone marrow-derived DCs [31] and others’
report with monocyte-derived DCs [32] provided evidence that the DC functions
(phagocytosis and cytokine secretion) are impaired during prenatal and neonatal periods
[31]. However, recent understanding indicates that the tissue-resident DCs are different from
the circulating or bone marrow-derived DCs [33]. Thus, we isolated primary lung DC-
population from fetal baboons [11]. Results from our lab also demonstrate that fetal baboon
lung cells are at precursor stage, express negligible levels of DC-markers, and are
functionally defective in responding to infectious stimuli [11, 31]. Although, the
developmental stage of the fetal lung DC-population remains to be completely elucidated in
fetal baboons, we identify them as DC-precursor cells because they convert into typical DCs
when cultured in presence of DC-promoting cytokines (unpublished data).

One possibility is that since these cells are not fully equipped with TLR or other pathogen-
pattern recognition receptors because of developmental immaturity, the DC-precursor cells
are not capable of capturing the microorganisms. SP-A also serves as pathogen-pattern
recognition receptor and is known to stimulate DC-maturation and phagocytic uptake of
infectious organisms [34]. However, at 125 days of gestation, the SP-A is not detectable.
NICU care and proper clinical management induces expression of both SP-A and TLR4
which reaches to optimal levels under normal conditions [16–17]. However, despite an
advanced and sophisticated clinical care, preterm babies are more prone to infection, and
infection and ventilator-associated lung injury remarkably perturb the expression of SP-A
and TLR4. Specifically, lavage pools of SP-A are decreased, and tissue expression of TLR4
is increased. These published results suggest that the introduction of SP-A may help
maintain the tissue homeostasis and exert anti-infective and anti-inflammatory effects [35–
38]. This study was designed to examine if the introduction of SP-A will impact the DC
functions in preterm babies’ lung.

We focused on studying selected immune functions of DCs: phagocytosis and cytokine
secretion, against infectious challenge. We pulsed the primary cells with purified or
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recombinant protein preparations for two reasons: one that the genetic-transfection of
primary DCs will require longer time for efficient protein expression, and longer incubation
may induce phenotypic changes in DCs [39], and second that the protein-pulsing mimics the
physiological scenario because both SP-A and TLR4 proteins are known to exist in soluble
extracellular, cell surface as well as in intracellular forms under steady-state conditions [40–
41]. We have also included MD2 in conjunction with TLR4, because it serves as an
important adaptor molecule to TLR4 and binds to SP-A [24]. However, MD2 does not carry
intracellular signaling TIR domain and does not affect the phagocytic function of DCs on its
own (Figure 5). A few investigations have shown that SP-A and TLR4 proteins interact in
vitro [24–25]. Although functional relevance of this interaction in fetal or neonatal lungs
remains largely unexplored, the results of the present study indicate that SP-A reduces
TLR4-MD2-induced cytokine release against infectious stimuli.

We found that an exogenous addition of SP-A and TLR4-MD2 proteins in DC population
increases the phagocytic uptake of encapsulated E. coli (Figures 5 and 6). These findings are
of clinical importance because encapsulated bacteria resist phagocytosis by antigen-
presenting cells and mount an aggressive inflammatory response [42]. It is possible that
purified SP-A can also directly kill some of the bacteria by increasing the membrane
permeability as reported earlier [43]. However, we have focused on studying the functional
aspects of lung DCs and DC-precursor cells and not the direct antimicrobial effects of SP-A.
The SP-A-induced phagocytosis of E. coli bioparticles by DC-precursor cells point towards
the importance of SP-A in improving immune functions in preterm babies. Interestingly, SP-
A suppresses the TLR4-mediated cytokine release significantly in response to infectious
stimuli (Figure 7). Similar results have been obtained in Ureaplasma infection models in an
established macrophage cell line RAW 264.7 and in mice [44–45]. Our results presented
here further support the role of SP-A in improving the innate immune functions in preterm
babies.

The results of this study are of clinical importance because surfactant preparations currently-
used in NICUs do not contain SP-A. Our results support the idea of reformulating the
currently-available clinical surfactant preparations to contain SP-A and their clinical usage
in NICU. However, more comprehensive studies are warranted to understand the
mechanisms of SP-A-induced protective effects in suitable animal models of premature birth
and lung diseases of early childhood.
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Abbreviations

APC Allophycocyanin

DC(s) Dendritic cell(s)

dGA days of gestation age

D-PBS Dulbecco’s phosphate buffered saline

Awasthi et al. Page 10

Cell Immunol. Author manuscript; available in PMC 2012 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FACS Fluorescence activated cell sorting

FBS Fetal bovine serum

FITC Fluorescien isothiocyanate

HBSS Hanks balanced salt solution

HEPES N-2-Hydroxyethylpiperazine-N′-2-ethanesulfonic acid

MFI Mean Fluorescent Intensity

PE Phycoerythrinin

SEM standard error of measurement
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Figure 1.
Photomicrographs of wet mount of KG-1-derived DCs after days (A) 5 and (B) 13, of in
vitro culture in presence of recombinant human-GM-CSF, IL4 and TNF-α. Flow-cytometric
histogram charts of (C): KG-1-derived DCs on days 5 (dark line) and 13 (faded line), (D):
adult baboon lung DCs, and (E): fetal baboon lung DC-precursor cells. The cells were
stained with DC-markers-specific, fluorescent-conjugated antibodies or isotype control
antibody (black area). The cells with high forward scatter (FSC) and side scatter (SSC) were
gated, and histogram charts were obtained. The percent number and mean fluorescent
intensity (MFI) values of DC-marker positive KG-1-derived DCs are shown in tabulated
form. The percent number of primary lung DC or DC-precursor cells positive for DC-
markers (DC) is shown within the chart itself. Values shown within parenthesis indicate
MFI values. The percent number and MFI values of isotype control (iso) stained cells in M1
region are also shown. The results presented here are representative of at least three
experiments.
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Figure 2.
Characterization of purified native baboon lung SP-A. (A): Purified baboon SP-A (5 μg in
each lane) protein was run under reducing (+ heating, + DTT) and partially-reducing (+
heating, no DTT) conditions on SDS-PAGE gel and stained. (B): Immunoreactivity of
purified SP-A by western blotting with SP-A-specific antibody (IB-SP-A). The SP-A protein
was run on reducing SDS-PAGE gel prior to western blotting. (C) HPLC chromatogram of
purified lung SP-A.
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Figure 3.
Basal TLR4 expression by (A) primary adult baboon lung DCs and (B) KG-1-derived DCs
under steady-state condition. Cell-surface expression of TLR4 was detected by flow
cytometry after staining the cells with TLR4-specific antibody. The percent number and
MFI values of cells stained with TLR4-specific antibody (TLR4) are compared with isotype
control antibody-stained cells (I) in M1 region. (C): Western blot showing undetectable
expression of TLR4 in 5 μg cell lysate protein of KG-1-derived DCs (KG1-DC). An equal
amount of cell lysate protein of HEK293 cells stably transfected with TLR4 (HEK-TLR4)
served as positive control.
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Figure 4.
Localization of exogenously-added recombinant TLR4-MD2 protein by confocal
microscopy and flow-cytometry. Confocal microscopic images of KG-1-derived DCs pulsed
with Alexa-fluor 594-conjugated recombinant TLR4-MD2 protein for (A) 1h and (B) 4h.
Vybrant DiO (green) dye stains the cytoplasm, and Hoechst 33342 (blue) dye stains the
nucleus of the cell. The images were acquired using 63 X objective. (C) Flow-cytometric
charts of KG-1-derived DCs pulsed with Alexa-fluor 495-conjugated recombinant TLR4-
MD2 protein after 1h (dark line) and 4h (dotted line). The histogram chart of non-pulsed
cells (negative control) is shown under the black area. Cells were gated in M region. Percent
number of cells (and MFI values) positive for fluorescence are shown within the chart.
Results are representative of two experiments.
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Figure 5.
Effect of purified native SP-A, recombinant TLR4-MD2 protein and MD2 protein on
phagocytic function of KG-1-derived DCs. (A): Confocal microscopic images of KG-1-
derived DCs incubated with pHrodo-labeled E. coli bioparticles for 3h. Phagocytosed
bioparticles fluoresce red. Cells without phagocytosed particles and extracellular bacteria do
not fluoresce. Enlarged images of a cell (shown as circle) are also shown in the figure, at
different z-stack slices. (B): The extracellular bacteria that are either settled at the bottom or
lie towards the top do not emit any fluorescence. These images confirm that fluorescence is
of phagocytosed bioparticles. Next, KG-1-derived DCs were incubated with (C): purified
baboon lung SP-A (0.2 and 2 μM), (D): recombinant TLR4-MD2 protein (0.06–0.6 μM) and
functional-grade anti-human TLR4 antibody (HTA125 clone, Imgenex, CA; control
reaction), (E): recombinant MD2 protein (0.02–0.2 μM), and (F): purified baboon lung SP-
A (2 μM) and TLR4-MD2 protein (0.6 μM), for an hour prior to addition of pHrodo-labeled
E. coli bioparticles. The phagocytic uptake of E. coli bioparticles was measured
spectrofluorometrically at 550 nm excitation and 600 nm emission wavelengths. Results are
mean (SEM) of three different experiments. * p<0.05 or ns: not significant as compared to
basal phagocytosis.

Awasthi et al. Page 18

Cell Immunol. Author manuscript; available in PMC 2012 March 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Effect of simultaneous addition of purified SP-A and recombinant TLR4-MD2 protein on
phagocytic function of primary (A) adult baboon lung DCs and (B) fetal baboon lung DC-
precursor cells. The DCs were incubated with respective proteins for an hour prior to
addition of pHrodo-labeled E. coli bioparticles. The phagocytic uptake of E. coli bioparticles
was measured spectrofluorometrically. * p<0.05, ns: not significant or otherwise indicated.
Results are mean (SEM) of three different experiments performed at different times.
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Figure 7.
Effect of purified native SP-A and recombinant TLR4-MD2 proteins on TNF-α secretion by
DCs against E. coli. (A) Primary adult baboon lung DCs or (B) fetal baboon lung DC-
precursor cells were incubated with effector molecules for an hour prior to addition of
pHrodo-labeled E. coli bioparticles. After 3h incubation at 37°C in 5% CO2 incubator, the
cell-free supernatants were collected and subjected to ELISA for measurement of TNF-α.
The results are representative of two experiments performed separately in triplicate. *
p<0.05, ** p<0.001, ns: not significant.
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