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Abstract
Surfactant protein D (SP-D) is a C-type collectin and plays an 
important role in innate immunity and homeostasis in the 
lung. This study studied SP-D role in the nontypeable Hae-
mophilus influenzae (NTHi)-induced otitis media (OM) mouse 
model. Wild-type C57BL/6 (WT) and SP-D knockout (KO) 
mice were used in this study. Mice were injected in the mid-
dle ear (ME) with 5 μL of NTHi bacterial solution (3.5 × 105 
CFU/ear) or with the same volume of sterile saline (control). 
Mice were sacrificed at 3 time points, days 1, 3, and 7, after 
treatment. We found SP-D expression in the Eustachian tube 
(ET) and ME mucosa of WT mice but not in SP-D KO mice. Af-
ter infection, SP-D KO mice showed more intense inflamma-
tory changes evidenced by the increased mucosal thickness 
and inflammatory cell infiltration in the ME and ET compared 
to WT mice (p < 0.05). Increased bacterial colony-forming 
units and cytokine (IL-6 and IL-1β) levels in the ear washing 
fluid of infected SP-D KO mice were compared to infected 
WT mice. Molecular analysis revealed higher levels of NF-κB 

and NLRP3 activation in infected SP-D KO compared to WT 
mice (p < 0.05). In vitro studies demonstrated that SP-D sig-
nificantly induced NTHi bacterial aggregation and enhanced 
bacterial phagocytosis by macrophages (p < 0.05). Further-
more, human ME epithelial cells showed a dose-dependent 
increased expression of NLRP3 and SP-D proteins after LPS 
treatment. We conclude that SP-D plays a critical role in in-
nate immunity and disease resolution through enhancing 
host defense and regulating inflammatory NF-κB and NLRP3 
activation in experimental OM mice.

© 2021 The Author(s).
Published by S. Karger AG, Basel

Introduction

Otitis media (OM) is the leading cause of bacterial in-
fections and antibiotic prescriptions in early childhood 
[1–5]. About 60–80% of children will have at least one 
episode of OM during their first year of life [6]. The glob-
al health burden of OM is heavy, about 709 million new 
cases per year. Thirty-one million children will develop 
chronic suppurative OM resulting in about 21,000 deaths 
every year from complications [7]. OM is also the prima-
ry indication of pressure-equalizing tube insertion, which 
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is the most common surgical operation performed in 
children [8].

Both viral and bacterial agents can cause OM. Non-
typeable Haemophilus influenzae (NTHi) is one of the 
most common infectious pathogens in OM [9–11]. The 
innate immune response plays a significant role in OM 
susceptibility in early life before the development of spe-
cific immunity [6]. Innate immunity effectors include an-
timicrobial peptides, host defense proteins, cytokines, 
and chemokines that attract phagocytes to the affected 
site and enhance their phagocytic and microbicidal ca-
pacity [12]. Similar to the respiratory epithelium, the 
middle ear (ME) epithelium is composed of ciliated cells, 
secretory and nonsecretory cells, and basal cells. Secre-
tory cells are responsible for producing mucins and vari-
ous antimicrobial proteins such as lactotransferrin, lyso-
zyme, defensins, and surfactants. The epithelium, along 
with its secretions, is involved in maintaining homeosta-
sis and sterility within the middle ear cavity (MEC). Epi-
thelial remodeling, characterized by mucociliary meta-
plasia and infiltration of the MEC with inflammatory 
cells, is a common feature of OM [13]. The availability of 
human middle ear epithelial cell line (HMEEC-1) can 
help in studying the normal biology of the ME epitheli-
um, as well as to enhance our understanding of the mo-
lecular mechanisms involved in the pathogenesis of hu-
man OM, which will facilitate our efforts to find effective 
preventative and therapeutic drugs for OM [14]. 
Interleukin-1β (IL-1β) is an important cytokine in trig-
gering the inflammatory and antibacterial response. Cas-
pase-1 activates IL-1β from its precursor (pro-IL-1β). 
Procaspase-1 is a part of the complex constituting NLRP3 
inflammasome, which is induced by various inflamma-
tion-inducing stimuli through TLRs and nuclear factor 
kappa B (NF-κB) [15].

Surfactant protein D (SP-D) is a hydrophilic and mul-
timeric protein that belongs to the family of C-type lec-
tins, or collectins, and contributes to the innate immune 
response of mucosal surfaces of the body [16]. SP-D is 
synthesized by alveolar type II cells and secreted into al-
veolar spaces in the lung [17]. Mice lacking the SP-D 
gene have a progressive accumulation of surfactant lip-
ids, SP-A, and SP-B in the alveolar space. By the age of 8 
weeks, the alveolar phospholipid pool becomes higher 
than wild-type C57BL/6 (WT) littermates. There was 
also more accumulation of alveolar macrophages in the 
SP-D knockout (KO) mice, and many macrophages were 
both multinucleated and foamy in appearance [18]. The 
lungs of SP-D KO mice showed a chronic low-grade in-
flammation characterized by alveolar lipidosis and the 

development of pulmonary fibrosis and emphysema 
[19]. Several studies have shown that SP-D is also ex-
pressed in extrapulmonary organs, including the tongue, 
oral epithelium, and ME [20, 21]. SP-D is expressed in 
the normal human and porcine Eustachian tube (ET) 
[16, 22, 23]. Uncomplicated acute OM often resolves 
within days, even without antibiotic treatment. This is a 
brief period for the development of specific immunity to 
play a significant role in the resolution of infection. This 
implicates the innate immune system, which is activated 
without prior sensitization, as the major effector of OM 
resolution [24]. In the absence of specific antimicrobial 
antibodies, SP-D functions in the first line of defense as 
a pattern recognition receptor and binds to and increas-
es the phagocytosis of Streptococcus pneumoniae and H. 
influenzae, the most common pathogens in acute OM [6, 
22, 25].

SP-D plays an important role in the innate immune 
response through interactions with pathogens or interac-
tion with the host cells. SP-D helps in the opsonization of 
pathogens [26–28]. The agglutination of target pathogens 
provides the first line of defense that can then be en-
hanced by killing and clearance mechanisms mediated by 
phagocytic cells that carry receptors for SP-A and SP-D 
[29]. Wu et al. [30] presented data indicating that SP-D is 
an antimicrobial protein that directly inhibits the prolif-
eration of Gram-negative bacteria in a macrophage- and 
the aggregation-independent manner by increasing the 
permeability of the microbial cell membrane. Although 
the role of SP-D in defense of the tubotympanum remains 
to be proven, it is likely that a deficiency in these mole-
cules may contribute to the pathogenesis of OM [31]. Re-
cently, we have demonstrated that SP-A contributes to 
the ME’s innate immunity through enhancing bacterial 
phagocytosis and killing and modulation of inflamma-
tion of the ME mucosa in the OM murine model [32]. In 
this study, we have used our NTHi-induced OM model 
and genetically modified SP-D KO mice to examine the 
role of SP-D and the underlying cellular and molecular 
mechanisms in the pathogenesis of OM.

Materials and Methods

Mice
We used male and female 8–10-week-old WT mice and age-

matched SP-D KO mice with C57BL/6 background for this ex-
periment. We bred the SP-D KO mice in the pathogen-free animal 
core facility at SUNY Upstate Medical University and initially pur-
chased WT C57BL/6 mice from Jackson Laboratories (Bar Harbor, 
ME, USA) and bred them in the same animal core facility. All an-
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imal experiments and protocols were conducted following the 
guidelines of the Institutional Animal Care and Use Committee 
(IACUC), SUNY Upstate Medical University, National Institutes 
of Health guidelines on the use of laboratory animals, and those of 
“ARRIVE” on the use of laboratory animals. We followed up the 
mice for 7 days and sacrificed a group of mice on days 1, 3, and 7.

Bacterial Strain and Preparation
Clinical isolates of NTHi 3655 strain were used for this study. 

We streaked bacteria from frozen stock with a sterile loop onto 
Chocolate Agar II plates. The plates were incubated at 37°C over-
night in 5% CO2 atmosphere. We picked 2 colonies and grew them 
in 5 mL of Brain Heart Infusion Broth (BHI) with Fildes Enrich-
ment. Bacteria were spun down for 10 min at 9,000 rpm at 4°C. The 
bacterial pellet was resuspended in 1 mL of normal saline. The bac-
terial solution was adjusted to OD600 = 0.6 with normal saline. We 
used 5 μL of a dilution of 1:100 of this solution for ME infection.

Animal Surgery
We anesthetized the mice by intraperitoneal injection with a 

combination of ketamine (90 mg/kg) and xylazine (10 mg/kg, i.e., 
0.1 mL/100-g animal weight). The intensity of anesthesia was 
monitored by means of toe pinching using tweezers. We per-
formed otomicroscopic examination for all mice before injection 
to ensure that tympanic membranes were normal and that no ME 
effusion was present. We used a 30-gauge needle to inject the bac-
terial solution into the anterior part of the mouse tympanic mem-
brane. The infection group received 5 μL of the bacterial solution, 
and the control group was injected with 5 μL of normal saline into 
their MEs. Mice were sacrificed on days 1, 3, and 7 after injection 
of bacteria or saline. We washed the MEs with 200 μL of normal 
saline, and we used the ME washes for cell counting and determi-
nation of bacterial colony-forming units (CFUs).

Histological Analysis
We removed mouse temporal bones immediately after sacri-

fice, fixed in 4% paraformaldehyde for 48 h followed by decalcifi-
cation in Cal-Ex solution for 6 h and then 10% formaldehyde. Af-
ter dehydration, we embedded specimens in paraffin, sectioned at 
a thickness of 4 μm, and stained with hematoxylin and eosin 
(H&E) for histological examination [33].

Bacterial CFUs and Inflammatory Cell Recruitment 
Examination
Ear wash with 200-μL sterile saline was performed to collect 

samples for examination of the cellular contents and bacterial cul-
ture for determination of CFU count at different time points in 
WT and SP-D KO mice. Ten microliters were diluted 100 times, 
and 200 μL were spread on Chocolate Agar plates and incubated 
overnight for CFU count. The remaining ear wash fluid was cen-
trifuged at 250 g for 10 min, and the pellets were resuspended in 
200-μL saline and were used to prepare slides to visualize the cel-
lular component of the ear wash. We manually counted cell types 
in 5 randomly selected high-power fields (×400). The numbers of 
neutrophils and macrophages comprising ME were calculated and 
used for comparing the cellular infiltration at different time points.

Phagocytosis Study
We used an in vitro assay to evaluate macrophage function. 

We incubated alveolar macrophages with viable NTHi bacteria 

to allow phagocytosis. Extracellular bacteria are then removed 
by rinsing with saline. After centrifugation and resuspension of 
the pellets, we used the cytospin for making the slides. We ob-
tained alveolar macrophages from SP-D KO mice by bronchoal-
veolar lavage. We centrifuged 1 mL of bronchoalveolar lavage 
fluid at 250 g for 10 min and resuspended the pellet in 1 mL of 
DMEM media. The suspended cells were divided into 4 groups 
for the following phagocytosis assay. We stored NTHi strain 
3655 at −80°C in BHI with 20% glycerol. To prepare the inocula-
tion, we streaked bacteria from the frozen stock onto a Choco-
late Agar plate and incubated it overnight in 5% CO2 atmosphere 
at 37°C. We picked 2 colonies to grow in 5 mL of BHI with Fildes 
Enrichment overnight to reach OD600 = 0.6. Bacteria were spun 
down for 10 min at 9,000 rpm (at 4°C). The bacterial pellet was 
resuspended in 1 mL of normal saline. For phagocytosis assay, 4 
groups (250 μL of cell solution) of macrophages were included: 
(1) only macrophages (control); (2) macrophages plus SP-D (5 
μg/mL); (3) macrophages plus cytochalasin D [2 μg/mL]); and 
(4) macrophages plus SP-D (5 μg/mL) and cytochalasin D (5 μg/
mL). There was 5-μM CaCl2 in all tubes. Then, 10-μL bacteria 
were added to each Eppendorf tube (final ratio 1:13 of cells to 
bacteria) and incubated for 60 min at 37°C with 5% CO2. One 
milliliter of normal saline was added to each tube and centri-
fuged for 5 min at 150 g. The fluid was removed, and the pellet 
was resuspended in 200-μL saline and was pipetted into cytospin 
funnels to prepare the slides for visualization of the phagocytosis 
and to compare the effect of presence or absence of SP-D. After 
staining the slides, we randomly selected 100 macrophages per 
slide that were analyzed at ×1,000 magnification. We calculated 
the phagocytic index (PI) as the percentage of bacteria-positive 
macrophages (cells that phagocytized at least one bacterium) 
multiplied by the average number of bacteria per bacteria-posi-
tive macrophage.

Bacterial Aggregation Study
We added SP-D at final concentrations of 10 and 20 μg/mL into 

bacteria solution of NTHi and added CaC12 (final concentration 
at 2 μM) to each well. The mixed solution was incubated with the 
bacteria for 1 h at 37°C and then examined under the microscope 
to record the difference in bacterial aggregation in different con-
centrations of SP-D in comparison to control.

Immunofluorescence Staining
We used immunofluorescence to detect SP-D expression and 

the expression of NLRP3 in the ME and ET mucosa. In brief, fol-
lowing deparaffinization and antigen retrieval, sections were 
blocked using 10% donkey serum (ab7475; Abcam Inc., Cam-
bridge, MA, USA) for 60 min at room temperature and then incu-
bated with anti-SP-D (1:200; gift from Dr. Wright; Duke Univer-
sity Medical Center, Durham, NC, USA), or anti-NLRP3 antibody 
(PA5-20838; Thermo Scientific) or anti-p-NF-κB p65 (#3033; Cell 
Signaling Technology [CST], Boston, MA, USA) antibodies at 4°C 
overnight. For fluorescence visualization of primary antibodies, 
sections were stained with Alexa 488 (ab150073; Abcam Inc., 
Cambridge, MA, USA). Nuclei were counterstained with fluoro-
shield mounting medium with DAPI (ab 104139; Abcam Inc., 
Cambridge, MA, USA) for 15 min, and the sections analyzed using 
a Nikon Eclipse TE2000-U microscope (Nikon Corporation, To-
kyo, Japan).
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RT-PCR Analysis
Total RNA was prepared from mouse temporal bones stored at 

−80°C by using 1 RNA-bee kit (Tel-Test, Friendswood, TX, USA). 
The ME tissues were homogenized with 0.5 mL of RNA-Bee RNA 
isolation solvent in 1.5-mL Eppendorf tube. Then, 0.1 mL of chlo-
roform was added into the tube and mixed vigorously. Centrifuga-
tion was performed at 12,000 g for 15 min at 4°C. The aqueous 
phase was transferred to a new tube, and 0.27 mL of isopropanol 
was added. After mixing by vortex, the solution was incubated for 
20 min at room temperature and then centrifuged at 12,000 g and 
4°C for 35 min. The supernatant was discarded carefully, and the 
pellet was washed with 1 mL of 75% ethanol. After centrifuging at 
7,500 g for 10 min, the pellet was air-dried for 10 min and then dis-
solved in 30 μL of DEPC water. The concentration was determined 
by NanoDrop machine (Thermo Fisher Scientific). Any DNA con-
tamination in the RNA solution was removed by RQ1 RNase-free 
DNase (Cat. M6101; Promega). Two micrograms of total RNA of 
each sample were used to synthesize cDNA using M-MuLV re-
verse transcriptase (NEB). RT-PCR of NF-κB1 and NLRP3 was 
performed as described previously [34, 35]. For NF-κB1, primer 
pair (forward, GAAATTCCTGATCCAGACAAAAAC; reverse, 
ATCACTTCAATGGCCTCTGTGTAG, 194-bp product) was 
used, and for NLRP3, primer pair (forward, AGAAGAGACCAC-
GGCAGAAG; reverse, CCTTGGACCAGGTTCAGTGT) was 
used for RT-PCR amplification. We used ImageJ to quantitate the 
PCR bands at different time points.

Human Middle Ear Epithelial Cells and Culture
HMEEC-1 is a human immortalized ME epithelial cell line de-

scribed by Chun et al. [14], which was generously provided to us 
by Dr. Stephanie Val (Sheikh Zayed Institute for Pediatric Surgical 
Innovation, Washington, DC, USA). Cells were maintained in 1:1 
of bronchial epithelial cell basal medium (Lonza, Walkersville, 
MD, USA) and DMEM (Thermo Fisher Scientific) and supple-
mented with the SingleQuots kit (Lonza) containing bovine pitu-
itary extract, hydrocortisone, human epidermal growth factor, epi-
nephrine, transferrin, insulin, tri-iodothyronine, retinoic acid, 
gentamycin, and amphotericin-B. We treated the cells with lipo-
polysaccharide (LPS) at a range of concentrations from 0 to 50 μg/
mL and incubated for 24 h. Cells were deprived of SingleQuots  
4 h before LPS challenge in bronchial epithelial basal medium/
DMEM [11]. We used Western blot to measure the expression of 
SP-D and NLRP3 in response to different doses of LPS.

ELISA Assay
The SP-D KO and WT mice were treated by the transtympan-

ic injection of NTHi. Four to 6 mice per test were euthanized at 1, 
3, or 7 days, respectively, and 2 tests were performed: IL-1β and 
IL-6. The control group has a transtympanic injection of sterile 
saline. MEs were washed with 200-μL saline, and samples were 
taken from mice at every time point. We then measured concen-
trations of IL-1β and IL-6 in ME wash samples by using enzyme-
linked immunosorbent assay (ELISA) kits (Invitrogen) according 
to each of the manufacturer’s protocols.
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Fig. 1. SP-D expression in the ME mucosa of WT but not in SP-D 
KO mice: SP-D expression in the ME mucosa of WT and SP-D KO 
mice by immunofluorescence assay. a H&E light microscopic histol-
ogy of WT mouse ME mucosa. b Immunofluorescent staining of the 
same mouse. c Light microscopic histology of SP-D KO ME. d Im-

munofluorescence assay of the same mouse. No SP-D was detected 
in the ME mucosa. Green represents SP-D expression. Black arrows 
point to ME mucosa; white arrows point to cells expressing SP-D (b) 
and absence of expression (d) (n = 5 mice/group). SP-D, surfactant 
protein D; ME, middle ear; WT, wild type; KO, knockout.
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Statistical Analysis
Data were expressed as means ± SEM, and statistical analyses 

were performed using SigmaStat 3.5 (Jandel Scientific, San Rafael, 
CA, USA). Student’s t test or ANOVA test was performed to assess 
the statistical significance of differences. A p value of <0.05 was 
considered statistically significant.

Results

SP-D Is Expressed in the Eustachian Tube and ME 
Mucosa of WT Mice
We used immunofluorescence staining to examine the 

expression of SP-D in the ME and ET mucosae of WT and 
SP-D KO mice. SP-D expression was detected in the ME 
and ET mucosae of WT but not in SP-D KO mice (Fig. 1).

The More Intense and Prolonged Inflammatory 
Response to NTHi in SP-D KO OM Compared to WT 
OM Mice
To define the functional role of SP-D in the ME re-

sponse to NTHi, we examined the inflammatory response 
to NTHi infection in the ME of SP-D KO mice in com-

parison to that of WT mice. We used mucosal thickness as 
a way to measure the degree of inflammation in the ME. 
The ME mucosa undergoes inflammatory changes after 
NTHi infection. There is a significant swelling of the epi-
thelial and supporting layers of the mucosa and consider-
able inflammatory cell infiltration in the MEC. In WT 
mice, these changes are most prominent 1–3 days after 
NTHi infection (Fig. 2b, c). ME mucosal resolution was 
completed by 7 days after infection (Fig. 2d). The MEs of 
SP-D KO mice also displayed mucosal thickening, and in-
flammatory cells infiltrate by days 1–3 (Fig. 2f, g, 3). How-
ever, the inflammatory reaction is more intense as we ob-
served significantly increased mucosal thickness (Fig. 2i) 
compared to WT OM mice (p < 0.05) as well as inflamma-
tory cellular infiltration. By day 7, the inflammatory chang-
es remained stronger in SP-D KO OM mice but not in WT 
OM mice, which had returned to the baseline (Fig. 2d, h).

Neutrophil and Macrophage Recruitment in WT and 
SP-D KO OM Mice
Increased neutrophils and macrophages, as well as a 

few lymphocytes, were observed in the middle ear wash 
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Fig. 2. Inflammatory changes in the MEs of SP-D KO and WT mice 
over different time points: ME response to NTHi in WT C57BL/6 
mice (a–d) and SP-D KO mice (e–h). The ME of WT mice dem-
onstrated inflammation and thickening of the ME mucosa on day 
1 (b). By day 3 postinfection with NTHi, the ME cavities of WT 
mice were filled with inflammatory cells (c). By day 7, the ME mu-
cosa looks normal (d). By day 1 after NTHi infection, SP-D KO 
mice had much more inflammatory cells in the ME cavity (f). By 
day 3 after infection, the MEs of SP-D KO mice showed increased 
numbers of inflammatory cells and a significantly increased mu-

cosal thickness (g) compared to infected WT mice (p < 0.05). Day 
7 shows the persistence of inflammation in SP-D KO mice (h). 
Black arrows indicate mucosal thickening; arrowheads point to 
cellular infiltration. Statistical analysis of mucosal thickness is 
shown in the panel (i). # indicates control versus infected WT, 
which is significant on days 1 and 3 but not on day 7. $ indicates 
control versus infected SP-D KO mice, which is significant for all 
3 time points. Original magnifications, ×100 (n = 5 mice/group/
time point). SP-D, surfactant protein D; ME, middle ear; NTHi, 
nontypeable H. influenzae; WT, wild type; KO, knockout.
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fluid (MEWF) after NTHi infection. Neutrophil recruit-
ment was to peak over the first day in WT OM mice 
(Fig. 3). The number of neutrophils went down on day 3 
after NTHi inoculation in WT OM mice. In SP-D KO OM 
mice, the pattern of neutrophil recruitment was signifi-
cantly different from WT OM mice, increased neutro-
phils than in the first and the seventh days in SP-D KO 
OM mice compared to WT OM mice (Fig. 3). There is a 
predominance of neutrophils on day 1 with a few macro-
phages, but an increased percentage of macrophages were 
observed on day 3. Interestingly, the number of macro-
phages on the third day was significantly higher in the 
WT compared to the SP-D KO mice (p < 0.05). The lack 
of SP-D influenced the percentage of macrophages in the 
ME on the third day as macrophages comprised 3.4% of 
the total number of cells in SP-D KO OM mice compared 
to 7% in WT OM mice, and on the seventh day, macro-
phages comprised 23% of the total number of cells in 
SP-D KO mice compared to 38% in WT mice.

Bacterial CFUs from a Middle Ear Wash Fluid
MEWF collected at different time points was used for 

bacterial culture and CFU count. The results showed a 
significant number of CFUs on day 1 but no difference in 
CFUs between WT and SP-D KO mice. However, a sig-
nificant difference in CFUs between WT and SP-D KO 
mice was observed on day 3 (SP-D KO >WT) (p < 0.05) 
(Fig. 4).

Enhanced Bacterial Aggregation in the Presence of  
SP-D
To examine the effect of SP-D in NTHi bacterial ag-

gregation, purified SP-D protein (final concentration at 0 
[control], 10, and 20 μg of SP-D/mL) was added into 
NTHi bacterial solution in the presence of 2-µM CaC12. 
Bacterial aggregation was examined by using a light mi-
croscope after incubation for 1 h at 37°C. The results 
showed the difference in bacterial aggregation in the pres-
ence and the absence of SP-D (Fig. 5). Many large bacte-
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Fig. 3. Inflammatory cell recruitment in the MEs after NTHi inocula-
tion: after NTHi infection, the MEs were washed with 200-µL saline, 
and cytospin was used to prepare the slides. A representative panel 
of photos of inflammatory cells is shown (a–h). Neutrophil recruit-
ment was noted to peak over the first day in WT mice (i). The num-
ber of neutrophils went down over the third day after NTHi inocula-
tion, and by day 7, few neutrophils can be detected. In SP-D KO mice, 

recruitment of neutrophils was significantly higher than in WT mice 
in the first and the seventh days. Day 1 showed a predominance of 
neutrophils with few macrophages, and day 3 showed an increased 
percentage of macrophages. Macrophage recruitment was signifi-
cantly higher in WT than in SP-D KO mice on day 3 (j). Original 
magnifications, ×400. SP-D, surfactant protein D; ME, middle ear; 
NTHi, nontypeable H. influenzae; WT, wild type; KO, knockout.
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rial aggregates were observed in the presence of SP-D at 
both 10 and 20 μg of SP-D/mL condition but not in the 
absence of SP-D condition (Fig. 5). Moreover, the quan-
titative analysis of bacterial aggregates indicated a signif-
icant difference in the size of bacterial aggregates (Fig. 5d).

Enhanced Bacterial Phagocytosis by Macrophages 
with SP-D Protein
Alveolar macrophages were obtained from bronchoal-

veolar lavage prepared from SP-D KO mice. Alveolar 
macrophages were divided into 4 groups, that is, (1) only 
macrophages (control); (2) macrophages plus SP-D (5 

μg/mL); (3) macrophages plus cytochalasin D (2 μg/mL); 
and (4) macrophages plus SP-D (5 μg/mL) and cytocha-
lasin D (5 μg/mL). We mixed alveolar macrophages and 
NTHi strain bacterial suspension (final ratio 1:13 of cells 
to bacteria) in the presence of 5-μM CaCl2 and then incu-
bated for 30 min at room temperature. Slides were pre-
pared for visualization of phagocytosis (Fig. 6a); then, the 
phagocytic index of macrophages was calculated for the 4 
groups. The results indicated that the phagocytic index is 
higher in the group with SP-D protein (p < 0.01) com-
pared to the other groups; cytochalasin D inhibited bacte-
rial phagocytosis by macrophages (Fig. 6b).
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Fig. 5. SP-D-mediated NTHi bacterial aggregation: pure SP-D at 
concentrations of 10 and 20 μg/mL was added into NTHi bacte-
rial solution in the presence of 2-μM CaCl2. The bacterial solution 
was incubated for 1 h at 37°C; bacterial aggregation in the solution 
was examined under the microscope, and the difference in bacte-
rial aggregation in different concentrations of SP-D was recorded. 

Remarkably, bacterial aggregation was observed in the bacterial 
solution with SP-D protein but not in control without SP-D (a–c). 
Quantitative analysis of bacterial aggregates indicated a significant 
difference in the size of bacterial aggregates (d). *p < 0.05 (the data 
from 3 independent experiments). SP-D, surfactant protein D; 
NTHi, nontypeable H. influenzae.
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Increased Levels of Proinflammatory Cytokines in 
SP-D KO than WT OM Mice
We used the ELISA method to determine the concen-

trations of IL-1β and IL-6 of MEWF at each time point in 
WT and SP-D KO OM mice as well as the controls (Fig. 7). 
The results showed that the IL-6 level increased signifi-
cantly on day 1 post-NTHi infection compared with the 
control in both WT and SP-D KO mice. The level of IL-6 
decreased over the third and seventh days, but there is a 
higher level of IL-6 in SP-D KO OM mice compared to 
WT OM mice at those time points (Fig. 7a). Similarly, the 
level of IL-1β increased significantly in days 1 and 3 com-
pared with controls in SP-D KO OM mice but not in WT 
KO mice, and the decline of IL-1β was not significant un-
til day 7 (Fig. 7b).

Increased Level of NF-κB Activation in SP-D KO OM 
Mice than WT OM Mice
Phosphorylated NF-κB p65 (p-NF-κB p65) as a mark-

er of NF-κB signaling activation was examined using im-
munofluorescence staining with Ab specific to p-NF-κB 
p65 (Fig.  8). The positive epithelial cells with p-NF-κB 

p65 Ab and total epithelial cells were analyzed at 200x us-
ing a fluorescence Eclipse TE2000-U microscope (Nikon, 
Tokyo, Japan). The results showed an increased number 
of p-NF-κB p650-positive cells in the ME epithelial cells 
on day 1 in infected WT and SP-D KO mice compared to 
controls (Fig. 8a, b), suggesting increased NF-κB signal-
ing activation in the ME after NTHi infection. Further 
analysis indicated that SP-D KO mice had significantly 
higher levels of NF-κB signaling activation on days 3 and 
7 compared to WT mice (Fig. 8b). To further confirm the 
results obtained from immunofluorescence assay, a semi-
quantitative analysis of NF-κB1 mRNA expression in the 
ME tissues was performed by using RT-PCR as described 
previously [34]. The results showed similar patterns of 
NF-κB1 mRNA and protein in the ME tissues of infected 
mice (Fig. 8c, d).

Higher NLRP3 Activation in SP-D KO OM Mice than 
WT OM Mice
To determine the effect of SP-D on NLRP3 inflamma-

some activations in the ME and ET tissues of OM mice, 
immunofluorescence analyses with an anti-NLRP3 anti-
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Fig. 6. SP-D-mediated enhanced bacterial phagocytosis by macro-
phages: we evaluated SP-D function in the phagocytosis by mac-
rophages using an in vitro assay, in which alveolar macrophages 
from SP-D KO mice were isolated for the experiments. Experi-
ments were performed with 4 groups, that is, (1) only macrophages 
(control); (2) macrophages plus SP-D (5 μg/mL); (3) macrophages 
plus cytochalasin D (2 μg/mL); and (4) macrophages plus SP-D (5 
μg/mL) and cytochalasin D (5 μg/mL). Alveolar macrophages and 
NTHi strain bacterial suspension (final ratio 1:13 of cells to bacte-
ria) were mixed in the presence of 5-μM CaCl2 and then incubated 

for 30 min at room temperature. After incubation, the cells were 
washed with saline and mounted on the slides by using the cyto-
spin method (a). Phagocytic bacteria were counted, and the phago-
cytic index was calculated. The results showed that the phagocytic 
index is the highest in the KO + SP-D group among the 4 groups 
(**p < 0.01). Cytochalasin D inhibited bacterial phagocytosis by 
macrophages (KO + SP-D > KO + SP-D + CCD (**p < 0.01) (b). 
The experiments were repeated 3 times. Original magnifications, 
×1,000. SP-D, surfactant protein D; NTHi, nontypeable H. influ-
enzae; KO, knockout.
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Fig. 7. Expression of proinflammatory cytokines in WT and SP-D 
KO mice: levels of proinflammatory cytokines in middle ear wash 
during acute OM and control mice. a IL-6 showed a significant 
increase in infected WT and SP-D KO mice compared to the con-
trols. The level of IL-6 on day 1 is the highest at the 3 time points. 
The IL-6 levels on days 3 and 7 were significantly higher in infect-
ed SP-D KO mice than infected WT mice (p < 0.05). b IL-1β level 

showed a significant increase in infected WT and SP-D KO mice 
compared to the controls. The level of IL-1β on days 1 and 3 in 
infected SP-D KO mice were higher than that of infected WT mice. 
Cytokines were determined by enzyme-linked immunosorbent as-
say. *p < 0.05 and **p < 0.01. Data are represented as means ± SEM 
(n = 5 mice/group/time point). SP-D, surfactant protein D; OT, 
otitis media; WT, wild type; KO, knockout.

Fig. 8. Increased NF-κB activation in the SP-D KO mice compared 
to WT mice. Phosphorylated NF-κB expression in ME mucosa: 
anti-phosphorylated-NF-κB p65 Ab was used to detect activated 
and translocated NF-κB levels (a). Based on the IF analysis, there is 
a significant increase in p-NF-κB p65 in ME mucosa on day 1 com-
pared to controls in both SP-D KO and WT mice. The level of 

p-NF-κB p65 increased significantly on days 3 and 7 in infected 
SP-D KO compared to infected WT mice (b). Similar patterns of 
NF-κB1 mRNA expression in the ME tissues of infected WT and 
SP-D KO mice were detected (c, d). *p < 0.05 and **p < 0.01 (n = 4 
mice/group/time point). NF-κB, nuclear factor kappa B; SP-D, sur-
factant protein D; ME, middle ear; WT, wild type; KO, knockout.
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body was carried out in this study. As shown in Figure 9, 
increased NLRP3 IF positive cells were detected in the 
OM mice compared to the controls, and different levels 
of NLRP3 inflammasome activation were observed be-
tween WT and SP-D KO mice, that is, SP-D KO mice had 
significantly more positive cells compared to WT mice on 
days 1 and 7 (p < 0.01) (Fig. 9a, b). Semiquantitative anal-
ysis of NLRP3 mRNA expression in the ME tissues was 
performed by using RT-PCR. The results showed similar 
patterns between NLRP3 mRNA and protein in the ME 
tissues of infected mice (Fig. 9c, d).

Increased NLRP3 Activation and SP-D Expression in 
HMEEC-1 Cells after LPS Exposure
In order to confirm NLRP3 inflammasome activation 

in the ME epithelial cells in the OM model, we used in 
vitro cultured HMEEC-1 cells and treated cells with LPS 
challenge from 0 to 50 μg/mL of LPS. We observed a high-
er level of NLRP3 activation in the HMEEC-1 cells (p < 
0.05) after the LPS challenge, and the level of NLRP3 ac-

tivation was in an LPS dose-independent manner 
(Fig. 10), indicating the HMEEC-1 cells have an inflam-
matory response to LPS treatment and confirming our 
observation in the in vivo data (see Fig. 8). Furthermore, 
we also examined the expression of SP-D in the HMEEC-1 
cells after the LPS challenge. The results indicate in-
creased expression of SP-D in HMEEC-1 cells after LPS 
challenge and in an LPS dose-dependent manner (Fig. 10).

Discussion

OM is the most common childhood illness affecting 
around 80% of children before the age of 3. It is also the 
most typical reason for antibiotic prescription and sur-
gery in young children [36]. OM is mostly a self-limited 
illness that usually resolves within a week or so, but in a 
subset of patients, it tends to either recur many times or 
progress to a chronic condition that leads to hearing im-
pairment and other complications that range from chron-
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Fig. 9. NLRP3 activation in WT and SP-D KO mice: immunofluo-
rescence was used to detect NLRP3 activation in ME mucosa from 
control and the different time points of NTHi-induced OM in 
SP-D KO and WT mice. The results show that NLRP3 activity was 
significantly higher in days 1 and 3 compared to control in both 
genotypes (a). NLRP3 activity was also significantly higher in SP-D 

KO than in WT mice across all time points (b). Similar patterns of 
NLRP3 mRNA expression in the ME tissues of infected WT and 
SP-D KO mice were detected (c, d). *p < 0.05 and **p < 0.01 (n = 
4 mice per group). SP-D, surfactant protein D; OT, otitis media; 
ME, middle ear; WT, wild type; KO, knockout.
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ic ear discharge to life-threatening illness such as brain 
abscess or meningitis [37–39]. The innate immune sys-
tem plays an essential role in defending against organ-
isms, causing OM as it often occurs at an early age at 
which adaptive immunity is not fully developed. Pattern 
recognition receptors (PRRs) are important elements of 
the innate immune system that help in recognizing patho-
gen-associated molecular patterns and in the elimination 
of the offending agents. PRRs induce the release and ac-
tivation of cytokines to facilitate a series of immune re-
sponses leading to the resolution of infection [40]. SP-A 
and SP-D belong to C-type lectins, which function as 
PRRs and are important in host defense and regulation of 
inflammation in the lung. Few studies, including our re-
cent SP-A study [32] on the immune response to OM, 
exist. To the best of our knowledge, no research was car-
ried out for the role of SP-D in OM. In this study, we have 
investigated the role of SP-D in OM using in vivo and in 
vitro approaches.

In the present study, we have found that SP-D is ex-
pressed in the mouse ME and ET mucosa, which confirms 
the previous observation of other studies that found SP-D 

expressed in porcine ET epithelium [32, 41]. Further-
more, we found that the lack of SP-D could lead to an in-
crease in the inflammatory response to NTHi-induced 
ME infection and to delay OM resolution as compared to 
WT mice. The proliferative response of the mouse ME 
mucosa following bacterial infection has been extensively 
documented [42]. At this point, the mucosa has devel-
oped into a pseudocolumnar epithelium containing se-
cretory and ciliated cells, underlain by a highly organized 
stroma. The mucosa then gradually recovers as the infec-
tion is resolved, returning to its normal thickness by 5–7 
days [43]. Other innate immunity-related genes have also 
been found to play a role in the delayed resolution of OM 
in mice. For instance, Toll-like receptor 9 (TLR-9) KO 
mice exhibited modestly, but significantly, greater thick-
ness of the ME mucosa prior to NTHi administration, 
compared to WT mice. However, in contrast to WT mice, 
NTHi induced no significant increase in mucosal thick-
ness for the first 3 days after inoculation in the TLR-9 KO 
mice, but thickness increased from days 5–14, with recov-
ery not complete at the longest postinoculation time 
point examined [44]. These indicate that innate immune 
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Fig. 10. NLRP3 activation and SP-D expression in HMEEC-1 cells 
after LPS exposure: to detect NLRP3 inflammasome activation in 
the HMEEC-1, we treated HMEEC-1 cells with LPS in doses from 
0 to 50 μg/mL. We observed a higher level of NLRP3 activation in 
the HMEEC-1 cells (#p < 0.05) after the LPS challenge; the level of 
NLRP3 activation was increased in a dose-dependent manner (a), 
indicating the HMEEC-1 cells have an inflammatory response to 

LPS treatment and confirm our observation in the in vivo data. We 
also examined SP-D expression in the HMEEC-1 cells after LPS 
challenge (#p < 0.05). The results indicate increased expression of 
SP-D in HMEEC-1 cells after LPS challenge and in an LPS dose-
dependent manner (b). **p < 0.01 (the data from 3 independent 
experiments). HMEEC-1, human middle ear epithelial cell line; 
SP-D, surfactant protein D; LPS, lipopolysaccharide.



Abdel-Razek/Liu/Chen/Wang/Vanga/
Wang

J Innate Immun12
DOI: 10.1159/000513605

system plays a critical role in the pathogenesis of OM and 
disease resolution.

SP-D plays an important role in host defense by pre-
venting the dissemination of microbes through aggluti-
nation and growth inhibition and killing. It also promotes 
bacterial clearance through enhancing phagocytosis and 
by interacting with other PRRs such as TLRs and TLR-
associated molecules to regulate inflammatory response 
[45, 46]. Our results of this study show that SP-D agglu-
tinated NTHi in the presence of calcium, which confirms 
previous studies that show SP-D agglutination of Gram-
negative bacteria [30, 47]. SP-D has been shown to inter-
act with a number of bacteria directly, including Pseudo-
monas aeruginosa, S. pneumoniae, Escherichia coli, and 
Mycobacterium tuberculosis, leading to several physiolog-
ically relevant processes associated with bacterial clear-
ance, including agglutination, phagocytosis, and growth 
inhibition [48]. SP-D (10 μg/mL) can agglutinate FITC-
labeled GBS and H. influenzae in a calcium-dependent 
manner, but no agglutination was observed in the ab-
sence of calcium or SP-D [49].

We also found that SP-D significantly increases phago-
cytosis of NTHi, which confirms the results of other stud-
ies that show SP-D binds to alveolar macrophages and 
binds and increases macrophage association with E. coli, 
M. tuberculosis, and Pneumocystis carinii [48]. SP-D 
binds and increases phagocytosis of strains of P. aerugi-
nosa without causing bacterial aggregation [49].

Previous studies with the specimen from OM patients 
demonstrated that 15 candidate genes in a population of 
families suffering from chronic OM with effusion 
(COME) or recurrent OM (ROM) were observed to be 
associated with SNPs in the mucin 5 region encompass-
ing both MUC2 and MUC5AC/MUC5B, SFTPD (ex-
pressing SP-D protein), and TLR4 genes [50]. SFTPD 
polymorphisms in humans have been found to have an 
implication for SP-D protein assembly, function, and 
concentration [51] and are associated with severe respira-
tory syncytial virus infections in humans, which is a 
known precipitating factor for OM [52]. Furthermore, a 
genome-wide linkage scan indicated the susceptibility 
loci of OM with the 17q12 and 10q22 regions, where SP-A 
and SP-D genes are located [53].

SP-D can prevent the interaction of TLR2 and TLR4 
with both smooth and rough LPS and thus inhibits both 
serotypes of LPS-induced TNF-α secretion from alveolar 
macrophages and NF-κB activation in TLR4/MD-2-ex-
pressing HEK293 cells [54]. TLRs recognize molecular 
patterns associated with pathogens, such as bacteria and 
fungi. The interactions between TLRs and these molecu-

lar patterns induce intracellular signaling pathways, such 
as the NF-κB pathway, which in turn upregulate the ex-
pression of proinflammatory genes involved in the pro-
duction of cytokines and chemokines and activation of 
the adaptive immune system. TLR deficiencies have been 
shown to be responsible for abnormalities in NTHi-in-
duced OM pathogenesis and recovery [40]. Of these TLR 
family members, TLR2 is reported to regulate the patho-
genesis of AOM with NTHi as it recognizes pathogenic 
patterns of NTHi and regulates the inflammatory re-
sponses of the host. Lipoprotein P6 of the NTHi uses 
TLR2 signaling to activate NF-κB in human epithelial 
cells [55]. TLR4 mediates LPS and lipooligosaccharide 
(LOS) responsiveness and recognizes Gram-negative 
bacteria via the LPS/LOS moiety present on the surfaces 
of these pathogens. Although the structure of LOS and 
LPS is different, lipid A, which is a common component 
to both, is thought to be responsible for TLR4 signaling, 
and LOS also induces TLR4 signaling [56]. LPS-TLR4 sig-
naling and neutrophil NADPH oxidase activate NF-κB 
signaling and upregulate TLR2 expression in endothelial 
cells, and this increased TLR2 expression via NF-κB sig-
naling results in increased ICAM-1 expression and en-
hanced neutrophil migration. TLR4 signaling appears to 
induce TLR2 expression, and TLR2 activation is critical 
for bacterial clearance and rapid resolution of OM [42]. 
Our results show that proinflammatory cytokines IL-6 
and IL-1β significantly increased in the ME wash after 24 
h from NTHi-induced OM in SP-D KO mice when com-
pared to WT mice. In this study, we demonstrated a sig-
nificant increase in phosphorylated NF-κB (p65) in ME 
mucosa of infected WT and SP-D KO mice on day 1 com-
pared to controls, which decreased significantly in infect-
ed WT on days 3 and 7 in comparison to infected SP-D 
KO mice which remain higher in both time points. These 
results are consistent with our recent findings that the 
presence of SP-D in WT mice is able to significantly re-
duce the activation of NLRP3 inflammasome and p-NF-
kB p65 in acute lung injury (ALI) [57]. Kurabi et al. [40] 
showed a rapid and dramatic increase in IL-1β gene ex-
pression after NTHi inoculation between time point 3 h 
and 3 days that peaks to over 70-fold induction at 24 h. 
IL-1β has been implicated as being crucial to the immune 
responses of several pathogens and is strongly regulated 
at the transcriptional level.

NLRP3 inflammasome activation leads to the activa-
tion of procaspase-1, which cleaves pro-IL-1β to its active 
form. Cleaved IL-1β has been shown to not only contrib-
ute to innate immunity but also to aid in the modulation 
of immune responses and pathogen clearance [40]. In a 
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study of a mouse model of severe acute pancreatitis (SAP), 
SAP induced ALI; in our recent report, we concluded that 
SP-D exerts protective effects against ALI via suppressing 
NLRP3 inflammasome and NF-κB activation in experi-
mental SAP [57].

In summary, innate immunity is important in the ME 
response to various infectious conditions. SP-D plays an 
important role in the innate immunity of the lung and 
other extrapulmonary tissues/organs. The results from 
this study demonstrate SP-D probably plays a similar role 
in the ME. SP-D enhances bacterial clearance by increas-
ing bacterial agglutination and phagocytosis. SP-D mod-
ulates innate immune and inflammatory response in the 
ME of NTHi-induced OM in mice and improves disease 
resolution through regulation of NF-κB and NLRP3-as-
sociated inflammasome activation, which suggest SP-D 
as a potential therapeutic agent in OM.
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