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ABSTRACT 

 
There is a gap in the treatment of preterm infants with respiratory distress syndrome. 

Despite addressing surfactant insufficiency and mechanical instability, currently available 

exogenous surfactant does not reduce the inflammation that results from aggressive 

ventilation and hyperoxia. Preterm infants are also deficient in anti-oxidant and anti-

inflammatory defenses. All of these factors predispose the infant to bronchopulmonary 

dysplasia. Recombinant human Club Cell Secretory Protein 10 (rhCC10), known to 

inhibit sPLA2, has been used to reduce ventilator induced lung inflammation. The long-

term goal of this study is to understand the impact of rhCC10 on the pro/anti-

inflammatory balance during early development. We will interrogate the link between 

Toll-Like Receptors (TLR 4) and rhCC10 because TLRs are integral to lung 

inflammation. By measuring the mRNA expression, protein, and downstream signaling 

activity in rhCC10 treated preterm lamb lung and then in A549 cells, an alveolar 

epithelial cell-like system, the anti-inflammatory effect of rhCC10 will be differentiated. 

This research is significant because it will improve understanding of the effect of rhCC10 

on pro/anti-inflammatory regulation and provide insight regarding potential co-therapies 

when treating with rhCC10. 
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INTRODUCTION 

Note to the Reader: This dissertation is organized with each chapter being its own 

individual manuscript. Therefore, certain methods and the rationale in each individual 

chapter may be restated.    In addition, prior to Chapter 1, I provide an overall 

introduction and after Chapter 3, an integrated discussion. 

 

The lung is important in the maintenance of overall systemic homeostasis and normal 

physiologic function.  Without proper gas exchange, many diseases and problems can 

develop to the detriment of the patient.  Preterm infants are especially vulnerable due to 

underdevelopment and immature systems 12, 18, 33, 37, 61, 62, 64, 88.  The lungs of preterm 

infants are often surfactant insufficient predisposing these infants to respiratory distress 

syndrome (RDS) 22, 22, 54, 75, 83.  Dependent upon severity, RDS necessitates intervention 

with exogenous surfactant treatment, hyperoxia, and mechanical ventilatory support.  The 

noxious stimuli associated with hyperoxia and ventilation puts the infant at risk for 

development of bronchopulmonary dysplasia (BPD) due to the inflammatory response to 

treatment 4, 5, 26, 37, 66.  For each day that an infant requires neonatal intensive care and 

associated respiratory care, there is an associated cost of approximately $4000 10. 

Mitigation of the inflammatory cascade that leads to BPD ostensibly could reduce the 

length of stay in the NICU.   rhCC10, a recombinantly made Club Cell protein, offers a 

possible treatment to prevent the inflammatory response associated with treating RDS, 

thus decreasing pulmonary, cardiovascular, and developmental complications due to 

BPD.  Multiple studies have shown that rhCC10 is an effective anti-inflammatory 



  x  

treatment in the preterm lung.  Our group has previously shown reductions in the pro-

inflammatory biomarkers IL-6 and IL-8 protein, as well as increases in VEGF, and 

surfactant proteins in the lung, when rhCC10 is used in addition to surfactant treatment 83, 

96.  

 

Despite this promise as a treatment, the mechanism(s) of rhCC10 action and its effect in 

an underdeveloped lung is unclear.  rhCC10 is known to inhibit sPLA2 and fibronectin 

but this effect does not account for all of its anti-inflammatory action 2, 48. There is also 

no known receptor for rhCC10, adding a challenge to investigation the mechanism(s) of 

action. Because Toll-like receptors  have been shown to be an integral part of lung 

inflammation, with TLR inhibition or knockout improving animal and cell model life 

span and lowering inflammatory markers when challenged to hyperoxia 69, we used the 

toll-like receptor pathway as a model system to dissect the mechanisms of action by 

which rhCC10  may mitigate inflammation. We first evaluated the impact of rhCC10 on 

TLR expression in preterm lamb lung tissue. Expecting TLR expression to decrease with 

rhCC10 treatment in our preterm lamb lung tissue, we performed qPCR of TLR4 mRNA.  

Instead we observed an increase in mRNA expression and a possible conundrum: an 

unexpected uncoupling of NF-kB activity, as represented by decreased IL-6 and IL-8 

protein, and increased TLR mRNA expression.  This observation along with our data 

showing that rhCC10 treatment lowers Mucin 1 protein in the lung, a key regulator of 

TLR activity, led us to ask what is occuring.  This led us to our central hypothesis that, 

an exogenous anti-inflammatory agent will down-regulate endogenous anti-

inflammatory mechanisms during early development.  If this is the case, modified 
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rhCC10 dosing strategies may need to be considered until anti-inflammatory defenses 

mature. We tested this hypothesis through the following aims:  

 

Aim 1:  Characterize the differences between the preterm lamb lung and adult sheep  lung 

pro and anti-inflammatory profiles.  We hypothesized that the preterm lamb lung is 

deficient in anti-inflammatory protection and has increased inflammatory damage 

relative to the hyperoxic ventilated adult lung. We used frozen-banked preterm lamb 

and adult sheep lung tissue to analyze TLR4 mRNA expression, protein, and signaling 

activity, NF-kB activation by IkB degradation, and downstream  cytokine profile. 

 

Aim 2:    To determine the relationship between TLRs and CC10 signaling.  We 

hypothesized that rhCC10 will inhibit TLR mediated signaling, leading to a 

decrease in downstream signaling and NF-kB mediated inflammatory biomarkers. 

We used frozen-banked preterm lamb lung tissue to analyze TLR 4 mRNA expression, 

protein, and signaling activity, Mucin 1 mRNA expression and protein, NF-kB activation 

by IkB degradation, and downstream cytokine profile. 

 

Aim 3:  To determine if the effect of rhCC10 on TLR signaling is independent of sPLA2.  

We hypothesized that rhCC10 will inhibit TLR mediated signaling, leading to a 

decrease in downstream signaling and NF-kB mediated inflammatory biomarkers 

even when sPLA2 is knocked down.  We used an A549 cell model system to test 

rhCC10 pre-treatment prior to challenge by TLR 4 specific agonists and by hyperoxia 

respectfully, in the presence and absence of sPLA2. 
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Clinical Translation and Significance: Preterm infants are vulnerable to RDS due 

to surfactant insufficiency.  Premature infants develop high surface tension at the air-

liquid interface of their alveoli, and a decrease in lung compliance, thereby leading to a 

ventilation and perfusion mismatch and impaired gas exchange 32. Over the past three 

decades, care strategies including the use of exogenous surfactant and advanced 

ventilation strategies, have significantly improved clinical outcomes in preterm infants 32. 

At the same time, due to inflammation from hyperoxia, innate limitations in anti-oxidant 

and anti-inflammatory defenses, aggressive ventilation, and increased survival of younger 

preterm infants, incidence of BPD has not decreased 4, 5, 54.  Further, safe anti-

inflammatory treatment for the preterm infant is lacking, with steroid treatment having 

numerous side effects 9. Overall, while extending the life of the infant with RDS by 

biomechanically protecting the lung, current animal derived surfactant treatment alone 

has not attenuated pulmonary inflammation and puts the patient at risk of the sequelae of 

this inflammation. This proposal will extend our previous work to address this gap in 

treatment options by exploring the mechanism of action of exogenous rhCC10 and the 

effects of rhCC10 on endogenous anti-inflammatory action. 

 

Club Cell Secretory Protein 10: CC10 deficiency is associated with asthma 30, 35, 

COPD 74, 99, and cancer malignancy 13, 53. Similar to surfactant insufficiency, preterm 

infants are also deficient in CC10 50, 75, 83, suggesting that rhCC10 treatment could be 

highly effective. In fact, rhCC10 has been used successfully in preclinical 65, 83 and 

clinical 50 trials to decrease pulmonary inflammation. CC10 is known to bind to 
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fibronectin 2, 2, 75, 75 thus limiting cellular adhesion and scar deposition. Its is understood  

to competitively inhibit phospholipase-A2 IIA 48 , and a reduction in NF-kB and IRF 

mediated pro-inflammatory cytokines 50, 83. However, due to enzyme kinetics, the 

exponential decrease in phospholipase-A2 activity suggests that CC10 is not only 

competitively inhibiting sPLA2 but has other unknown anti-inflammatory effects 48. 

 

Toll-like Receptor 4: TLR 4 is in a family of dimerized transmembrane receptors 

classified as pathogen associated molecular pattern receptors 7, 24, 63, 94. It is expressed on 

the surface membrane of immune cells and epithelial cells. The TLR family as a whole 

recognizes classes of molecules that are generally present on bacteria and viruses. 

However, certain TLRs have endogenous ligands as well 16, 69, such as what would be 

produced in cell death. Activation of TLRs on pulmonary epithelial cells leads to 

activation of pro-inflammatory transcription factors and apoptosis through either the 

MyD88 or TRIF dependent pathways, 7, 19 both of which can activate NF-kB through 

IKK phosphorylation. Local intra-organ activation of TLRs causes increased chemokine 

production and thereby greater immune cell recruitment that further damage the lung 

epithelia and induce greater TLR activation. Currently, there is no FDA approved 

treatment to directly inhibit TLR signaling. The potential of mucin 1 to regulate TLR 

activity has also been recently demonstrated 44, 90. 

 

Mucin 1: Mucin 1 is a member of the mucin family of glycosylated proteins. Mucin 1 is a 

membrane bound protein, with two main domains: a heavily glycosylated extracellular 

domain and a cytoplasmic tail. The cytoplasmic tail is required for mucin 1 signaling 
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activity 43, 52, 92, 93. The proposed model of mucin 1 activation is that when an 

inflammatory stimulus is present, TLRs are activated and immune cells are recruited 44. 

This causes an up regulation in TNF-α, which induces mucin 1 expression 14, 45. The 

cytoplasmic tail of mucin 1 and the cytosolic domain of TLRs then crosstalk to suppress 

TLR signaling activity. 
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CHAPTER 1: IMPACT OF RHCC10 ON ENDOGENOUS CC10 IN THE 

PREMATURE LUNG 

 Introduction 

Surfactant replacement therapy, along with lung protective, low tidal volume ventilation, 

is the standard of care for preterm infants with respiratory distress syndrome (RDS) 5, 32, 

54.  Despite advances in the development of novel surfactant treatments, dosing strategies, 

and delivery methods, long term morbidity associated with the progression to 

bronchopulmonary dysplasia has not been effectively mitigated 9, 62.  This is likely due to 

damage from inflammation caused by the initial lung injury in RDS, aggravated by 

aggressive, but necessary treatment such as hyperoxia and ventilation, coupled with 

developmental insufficiency of endogenous anti-inflammatory proteins 4, 5, 37. Current 

therapies that can mitigate inflammatory induced lung injury in the developing lung, such 

as postnatal steroids, improve oxygenation and pulmonary mechanics but are 

contraindicated in critically ill preterm infants due to adverse side effects 95.  New anti-

inflammatory therapies are needed that target the acute iatrogenic inflammation in the 

premature lung.  

 

CC10, is a 10 kDa dimeric protein produced in the lung by airway non-ciliated bronchial 

epithelia cells.  It has been demonstrated to confer protection against lung inflammation 

through competitive inhibition of sPLA2, inhibition of inflammatory cell chemotaxis, and 

by up regulating vascular endothelial growth factor (VEGF) and Surfactant Protein A (SP 

– A).  However, these known actions of CC10 do not account for its total anti-

inflammatory effect and it is likely other mechanisms contribute to the anti-inflammatory 
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action of CC10 2, 34, 41, 48, 65, 66, 83, 96.  It has been shown previously that expression of 

CC10 is up regulated by inflammatory cytokines TNF-α and IFN-γ and that rhCC10 

lowers inflammatory cytokine production and is lung protective 1, 11, 50, 56, 58, 65, 66, 75, 83, 97.  

Our group has previously demonstrated in preterm lambs with RDS that recombinant 

club cell secretary protein 10 (rhCC10) is an effective adjunct to surfactant treatment to 

attenuate hyperoxic ventilation induced lung inflammation and improved gas exchange at 

doses greater than 1.5 mg/kg 83.  A preliminary clinical trial in preterm infants 

demonstrated safety, pharmacokinetics and anti-inflammatory effects after intratracheal 

delivery of a single dose of rhCC10 in preterm infants with RDS 50. However, the effect 

of rhCC10 dosing strategies on endogenous CC10 production and the relationship 

between inflammation and endogenous CC10 in the developing, CC10 deficient lung50, 55 

is unknown.  

 

Since CC10 is regulated by inflammatory cytokines, we reasoned that exogenous rhCC10 

treatment would accumulate in the lung tissue, lower inflammatory cytokine levels, and 

thereby lower the stimulus for endogenous CC10 production, in a dose-response manner.  

To test this hypothesis, we investigated the effect of intratracheally administered rhCC10 

in the preterm lamb on endogenous CC10 in the lung and the relationship between lung 

tissue inflammatory mediators and endogenous CC10 .   
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Methods 

Animal Protocol and Tissue Collection 

Frozen lung tissue used in this project was derived from a previous study 83.  In brief, 

lambs (gestational age of 126 ± 3 days, n = 24, n = 6 per group) were anesthetized, 

instrumented, delivered by cesarean section, ventilated with 100% oxygen, treated with 

exogenous surfactant, the current standard of care, (Survanta®, Ross laboratories 4 

mL/kg, 100 mg/kg) or surfactant followed by one of three doses of intratracheal rhCC10 

(0.5 mg/kg, 1.5 mg/kg, or 5.0 mg/kg).  In addition, adult sheep (n=6) were anesthetized 

and instrumented in a similar manner and ventilated with 100% oxygen.  All animals 

were followed for 4 hours, after which lungs were harvested for frozen and fixed tissue 

collection.  The experimental protocols and procedures for this study were approved by 

the Institutional Animal Care and Use Committee at Temple University School of 

Medicine and conducted in accordance with NIH and AALC guidelines. 

 

RNA Extraction and cDNA Synthesis 

Frozen ovine lung tissue was homogenized and processed using the Qiagen RNeasy 

miniprep kit (Qiagen, Valencia, CA).  RNA concentration was determined by measuring 

absorbance at 260nm and then diluted to a concentration of 1 ug/mL.  cDNA synthesis 

was then performed using the RevertaidTM First Strand Synthesis Kit (Fermentas, Glen 

Burnie, MD). 
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Cloning and Sequencing 

Following cDNA synthesis, ovine cDNA was amplified by polymerase chain reaction 

(PCR) using designed bovine CC10 primers (GenBank AY994053.1; Primer3; EWG 

Operon).  The amplified PCR product was then isolated by agarose gel electrophoresis.  

Following staining by mupid blue, the amplified sequence was isolated from the gel, 

ligated to an iEGFP vector and sequenced (NAPcore facility of the Children's Hospital of 

Philadelphia).  The CC10 iEGFP vector was transfected into HEK293A cells.  CC10 and 

green fluorescent protein expression in the transfected cell lysate were checked by 

western blot and compared to control vector transfected cell lysate.   

 

Quantitative Real-Time PCR 

Based on the sequenced ovine CC10 gene, we designed and ordered ovine CC10 specific 

primers (Primer3; MWG Operon: Huntsville, AL).  18S and IFN-γ primers were readily 

available and ordered (MWG Operon). Using SYBR Green technology, CC10 gene and 

IFN- γ expression was measured in duplicate using a Mastercycler® ep Realplex 

(Eppendorf, Hauppauge, NY) and normalized by 18S mRNA expression 29.  

 

Protein Extraction 

Frozen lung tissue was homogenized in cold RIPA solution using a tissue grinder.  

Following cold centrifugation for 10 min at 10,000 RPM, the supernatant was collected 

by aspiration.  The protein concentration of the supernatant was measured using the 

Bradford method.  These samples were used for ELISA and western blot. 
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ELISA 

A custom designed sandwich ELISA was used to measure TNF-α and IL-8 in lung tissue 

homogenate supernatant83.  Protein was captured onto the plate using mouse anti-ovine 

capture antibody (IL-8: Serotec, Raleigh, NC ; TNF-α: CSIRO and CAB of University of 

Australia). IL-8 and TNF-α were detected using rabbit anti-ovine antibodies (IL-8: 

Serotec ; TNF-α: CSIRO and CAB of University of Australia).  HRP-conjugated goat 

anti-rabbit (Cat. #AP132P, Millipore) was used as the secondary antibody.  Following the 

reaction with the substrate, protein was detected using a plate reader (MRX Revelation ; 

Dynex, Chantilly, VA).  RhCC10 was measured in lung tissue homogenate supernatant 

by using a human specific CC10 ELISA kit (APC Biomaterials, LLC, Rockville, MD).  

Signal was detected using a plate reader (MRX Revelation ; Dynex). 

 

Western Blot of Endogenous CC10 

Aliquots of the supernatant were then diluted to a uniform concentration and then equal 

volumes of each sample were loaded onto the gel.  Recombinant bovine and human 

CC10 were used as positive and negative controls respectively.  SDS-PAGE was 

performed using a uniform volume of each sample.  Following transfer, a western blot 

was performed (SNAP ID system; Millipore, Billerica, MA) using rabbit anti-bovine 

CC10 (Catalog # APC016, APC Biomaterials, LLC, Rockville, MD)  and HRP 

conjugated goat-anti-rabbit (Cat. #AP132P, Millipore) antibodies for primary and 

secondary antibodies respectively.  GAPDH was used for normalization with mouse anti-

human GAPDH (Catalog # MCA4740, AbD Serotec,  Raleigh, NC) and HRP conjugated 

anti-mouse (Catalog # NA931V, GE Healthcare, Pittsburgh, PA) as primary and 



  6  

secondary antibodies) respectively.  After reaction with substrate, images were taken 

(LAS-3000 ; Fujifilm, Valhalla, NY) and band intensity was measured (Multi Gauge 

Software; Fujifilm).  

 

Data Analysis 

All data were imported into Microsoft Excel (Microsoft, Redmond, WA) and Prism 5.0 

(Graphpad, La Jolla, Ca).  Group comparisons of rhCC10 dose were analyzed by 

ANOVA vs control with individual group comparisons performed using the Dunn-

Bonferroni method.  Values are expressed as mean ± SEM and significance was accepted 

at p < 0.05. 

 

A non-linear fit regression of exponential decay was used to model the association 

between lung tissue rhCC10 and other measured biomarkers.  So as to determine 

significance, lung tissue rhCC10 data was normalized by logarithmic transformation and 

then compared by linear regression analysis to other measured biomarkers.  Association 

of endogenous rhCC10 protein with pro-inflammatory biomarkers was determined by 

linear regression respectfully.  The p values, , coefficient of determination values, and 

slopes describing the relationship between endogenous rhCC10 vs IL-8, TNF-α, IFN-γ, 

and tissue rhCC10 were respectfully compared so as to determine the variable that has the 

strongest effect on endogenous CC10 protein. Significance was accepted at p < 0.05.  

Sigma Plot 8.0 (Systat Software, Inc., San Jose, CA) was used for creation of the 3D 

diagram. 
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DNA and Protein Sequences were manually compared in Microsoft Word.  Sequence 

analysis so as to determine secondary structure and disulfide bonds were determined 

using ExPASy. 

  

Results 

In mechanically ventilated, surfactant-treated preterm lambs with RDS, rhCC10 

treatment increased (*p < 0.05) the rhCC10  locally present in the lung tissue, with the 

two highest dose groups having the greatest increase (**p < 0.05) in lung tissue rhCC10 

(Figure 1-1).  Lung IL-8 and TNF-α proteins and IFN-γ mRNA expression were 

inversely (p < 0.05) associated with rhCC10 dose (Figures 1-2A, 3A, and 4A).  In 

addition, lung IL-8 and TNF-α  proteins and IFN-γ mRNA expression were inversely (p < 

0.05) associated with tissue rhCC10 (Figures 1-2B, 3B, 4B).  Overall, these results 

demonstrate that rhCC10 accumulates in the lung tissue in a dose dependent manner, 

decreased pro-inflammatory cytokines in a dose dependent manner, and that increasing 

lung tissue rhCC10 is associated with a decrease in pro-inflammatory cytokines.   

 

To analyze the effect of rhCC10 treatment on endogenous CC10, we needed to first 

sequence and clone the ovine CC10 gene (Genebank #FJ959385 ; May 10, 2010). 



  8  

0

2

4

6

*

*
***

**
T

is
s
u

e
 r

h
C

C
1
0

(n
g

 /
 m

g
 P

ro
te

in
)

No

rhCC10

1.5 mg / kg

rhCC10

5.0 mg / kg

rhCC10

0.5 mg / kg

rhCC10

 

 

Figure 1-1: Lung Tissue rhCC10 as a Function of rhCC10 Dose.  rhCC10 
within the homogenized lung tissue was measured for each respective dosage.  
All three rhCC10 dosed groups had an increased rhCC10 (*p < 0.05) over the 
control no rhCC10 group.  The 1.5 mg and 5.0 mg had the highest (**p < 0.05) 
lung tissue rhCC10, with no difference between the respective groups.  (Mean ± 
SE; n = 6 per group) 
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Figure 1-2: IL-8 as a Function of rhCC10 treatment.  A) There was no difference 
in the IL-8 protein between the surfactant treated and the surfactant + 0.50 mg/kg 
rhCC10 groups  and between  the 1.5 and 5.0 mg/kg rhCC10 groups respectively.  
Both the medium and high dose rhCC10 groups had a lower (*p < 0.05) IL-8 protein 
than either of the other groups. (Mean ± SE; n = 6 per group).  B) Lung IL-8 was 
plotted as a function of lung tissue rhCC10.  As the lung tissue rhCC10 increased (p = 
0.02, r2 = 0.40), IL-8 protein decreased. 
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Figure 1-3: TNF-α Protein as a Function of rhCC10 treatment.  A) There was no 
difference in the TNF-α protein between the surfactant treated and the surfactant + 
0.50 mg/kg rhCC10 groups  and between  the 1.5 and 5.0 mg/kg rhCC10 groups 
respectively.  Both the medium and high dose rhCC10 groups had lower (*p < 0.05) 
TNF-α protein than either of the other groups. (Mean ± SE; n = 6 per group).  B) Lung 
TNF-α was plotted as a function of lung tissue rhCC10.  As the lung tissue rhCC10 
increased (p < 0.001, r2 = 0.80), TNF-α protein decreased. 
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As shown in Figure 1-5, the bovine CC10 primers amplified ovine CC10 cDNA at the 

predicted size of 280 base pairs.  This band was excised from the gel and incorporated 

into an iEGFP expression vector as confirmed by restriction enzyme digestion (Figure 1-

5).  Fluorescence microsopy and western blot of the cellular lysate against Green 

Fluorescent Protein (GFP) showed that both the incorporated iEGFP and control iEGFP 

vector were transfected into HEK293A cells (Figure 1-6).   Western blot against CC10 of 

Figure 1-4: IFN-γ mRNA Expression as a Function of rhCC10 treatment.  There 
was no difference in the IFN-γ mRNA expression between the surfactant treated and the 
surfactant + 0.50 mg/kg rhCC10 groups  and between  the 1.5 and 5.0 mg/kg rhCC10 
groups respectively.  Both the medium and high dose rhCC10 groups had lower (*p < 
0.05) IFN-γ mRNA Expression than either of the other groups. (Mean ± SE; n = 6 per 
group).  B) Lung IFN-γ mRNA expression was plotted as a function of lung tissue 
rhCC10.  As the lung tissue rhCC10 increased (p < 0.001, r2 = 0.64), IFN-γ mRNA 
expression decreased. 
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the cellular lysate of the cells transfected with CC10 iEGFP vector produced a band at 10 

kDa (Figure 1-6).  The control transfected cell lysate and the medium of either cell lysate 

group did not produce a band at 10 kDa, indicating that the 10kDa protein represents 

ovine CC10 and that it was not secreted into the medium. 
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Figure 1-5: Schematic Illustration of Ovine CC10 Gene Isolation. 
Schematic illustrating how ovine lung tissue cDNA was amplified using PCR 
with primers for bovine CC10.  Following electrophoresis of the PCR product 

the gel was stained with methylene blue and the resultant band was excised. 
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To further verify the identification of the ovine CC10 gene, the sequence of the ovine 

CC10 cDNA (Genebank #FJ959385) was compared to the corresponding sequences of 

CC10 cDNA in other species (Figure 1-7).  There is a greater than 60% sequence 

homology across species and a 90% homology between the ovine and bovine cDNA 

sequences. There is also a high protein residue similarity across species and identity at 

the critical cysteine residues, which is important for the disulfide linkage integral to the 

dimerized structure of CC10 (Figure 1-8) 73, 85. 

 

Figure 1-6: Confirmation of Isolation of Ovine CC10 Protein. Typical images of 
fluorescence microscopy and western blots of the cellular lysate against Green 
Fluorescent Protein (GFP) showed successful transfection of the HEK293A with the 
GFP containing vector by GFP protein expression.  This result was further confirmed 
by western blot of the cell lysates.  The vector with the incorporated sequence has 
protein recognized by anti-bovine CC10 antibody  while the lysate of the control cells 
and the medium of either cell type does not produce a similar band.  All samples were 
derived at the same time and processed in parallel. 
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sheep      GGTGGAATTCACCATGAAGCTCACCATCGCCTTCGCCCTGGTCACCCTGACTCTCTTCTGCAGACCTGCATCC

bovine                  ATGAAGCTCACCATCGCCATCGTCCTGGTCACCCTGACTCTCTTCTGCAGACCTGCATCC

dog ATGAAGCTCGCTGTCATCCTTGCCCTGGTCACCCTGGCTCTCTACTGCAGCCCTGCTTCT

human                   ATGAAACTCGCTGTCACCCTCACCCTGGTCACACTGGCTCTCTGCTGCAGCTCCGCTTCT

rat                     ATGAAGATCGCCATCACAATCACTGTGCTCATGCTGTCCATCTGCTGCAGCTCAGCCTCT

mouse                   ATGAAGATCGCCATCACAATCACTGTGGTCATGCTGTCCATCTGCTGCAGCTCAGCTTCT

rabbit                  ATGAAGCTCGCCATCACCCTCGCCCTGGTCACCCTGGCTCTCCTCTGCAGCCCTGCATCT 

sheep                   ACAGAGGTGTGCCCCAGCCTTCTGTATGCCTTGGGAAACCTCCTCATAGGCACGCCTTCC

bovine                  ACAGAGGTCTGCCCCAGCCTTCTGTATGTCTTGGGAAACCTCATTGCCGGAACACCTTCC

dog                     GCAGAGATCTGCCAGAACTTTCTAAATGTCATCAAAGCCCTCTTCCTGGACACGCCTTCC

human                   GCAGAGATCTGCCCGAGCTTTCAGCGTGTCATCGAAACCCTCCTCATGGACACACCCTCC

rat                     TCGGACATCTGCCCAGGATTTCTTCAAGTCCTTGAGGCCCTCCTCCTAGGCTCAGAGTCT

mouse                   TCGGACATCTGCCCAGGATTTCTTCAAGTCCTTGAGGCCCTCCTCATGGAATCAGAGTCT

rabbit                  GCAGGCATCTGCCCGAGATTTGCACACGTCATTGAAAACCTCCTCCTGGGCACGCCCTCC

sheep                   AGCTACGAGGCTGCCCTGGAACCTTTCAGCCCTGACGAAGACATGAAAGAAGCAACAAGA

bovine                  AGCTTTGAGGCTACCCTGGAACCTTTCAGCCCTGACGAAGACATGAAAGAGGCAACAAGT

dog                     AGTTACCAGGCTGCACTTGAATTTTTCAACCCAGACGCAGACATGAAAGATGCAATGATC

human                   AGTTATGAGGCTGCCATGGAACTTTTCAGCCCTGATCAAGACATGAGGGAGGCAGGGGCT

rat                     AATTATGAGGCAGCCCTGAAGCCTTTCAACCCTGCCTCAGACCTGCAAAATGCAGGAACC

mouse                   GGTTATGTGGCATCCCTGAAGCCTTTCAACCCTGGCTCAGACCTGCAAAATGCGGGCACC

rabbit                  AGTTACGAGACATCCCTGAAGGAATTTGAACCTGATGACACCATGAAAGATGCAGGGATG

sheep                   CAGCTGAAGGAGCTGATAGACACCCTCTCCCCGAAGGCCAAGGACAGCGTGTTACAGCTC

bovine                  CAGCTGAAGACGCTGGTAGACACCCTCTCCCCGAAGGCCAAGGACAGCATGTTAGAGCTC

dog                     CAGCTGAAGAGTCTGGTGGACACCCTCCCCTCAAACACCACCGAGAACATCCTAAAGTTC

human                   CAGCTGAAGAAGCTGGTGGACACCCTCCCCCAAAAGCCCAGAGAAAGCATCATTAAGCTC

rat                     CAGCTGAAGAGGCTGGTGGATACCCTCCCACAGGAGACCAGAATAAACATCGTGAAGCTC

mouse                   CAGCTGAAGAGACTGGTGGATACCCTCCCACAAGAGACCAGGATAAACATCATGAAGCTC

rabbit                  CAGATGAAGAAGGTGTTGGACTCCCTGCCCCAGACGACCAGAGAGAACATCATGAAGCTC

sheep                   ATGGGGAAAATAGTACAAAGCCCAGAGTGTGCTTAGCTCGAGCACC (FJ959385.1)

bovine                  ATGATGAAAATAATACAAAGCCCAGAGTGTGCTTAG--------------- (NM_001076976.3) 

dog                     ACGGAGGCAGTCATAAAAAGCCCAGAGTGTGCTTAG--------------- (XM_005631626.1)

human                   ATGGAAAAAATAGCCCAAAGCTCACTGTGTAATTAG--------------- (NM_003357.4)

rat                     ACGGAGAAGATCCTAACAAGTCCTCTGTGTGAGCAAGATTTAAGAGTCTGA (NM_013051.1)

mouse                   ACGGAGAAAATCCTAACAAGTCCTCTGTGTAAGCAAGATTTAAGATTCTGA (NM_011681.2)

rabbit                  ACGGAAAAAATAGTGAAGAGCCCACTGTGT--------------------- (K01657.1)  

 

sheep         MKLTIAFALVTLTLF[C]RPASTEV[C]PSLLYALGNLLIGTPSSYEAALEPFSPDEDMKEATR

bovine        MKLTIAIVLVTLTLF[C]RPASTEV[C]PSLLYVLGNLIAGTPSSFEATLEPFSPDEDMKEATS

dog           MKLAVILALVTLALY[C]SPASAEI[C]QNFLNVIKALFLDTPSSYQAALEFFNPDADMKDAMI

human         MKLAVTLTLVTLALC[C]SSASAEI[C]PSFQRVIETLLMDTPSSYEAAMELFSPDQDMREAGA

rat           MKIAITITVLMLSIC[C]SSASSDI[C]PGFLQVLEALLLGSESNYEAALKPFNPASDLQNAGT

mouse         MKIAITITVVMLSIC[C]SSASSDI[C]PGFLQVLEALLMESESGYVASLKPFNPGSDLQNAGT

rabbit        MKLAITLALVTLALL[C]SPASAGI[C]PRFAHVIENLLLGTPSSYETSLKEFEPDDTMKDAGM

sheep         QLKELIDTLSPKAKDSVLQLMGKIVQSPECA-----

bovine        QLKTLVDTLSPKAKDSMLELMMKIIQSPECA-----

dog           QLKSLVDTLPSNTTENILKFTEAVIKSPECA-----

human         QLKKLVDTLPQKPRESIIKLMEKIAQSSLCN-----

rat           QLKRLVDTLPQETRINIVKLTEKILTSPLCEQDLRV

mouse         QLKRLVDTLPQETRINIMKLTEKILTSPLCKQDLRF

rabbit        QMKKVLDSLPQTTRENIMKLTEKIVKSPLC------  

 

 

Figure 1-7: Cross Species Comparison of CC10 Gene. There is over a 90% 
homology between the bovine and ovine gene sequence.  Across all species shown 
there is a high homology in the genetic sequence of CC10. The Genbank accession 
number for each gene is located at the end of each respective sequence. 

Figure 1-8: Cross Species Comparison of CC10 Protein.  In particular, the 
bracketed cysteine residues, that are required for the integral disulfide bond, align 
across species and an ExPASy analysis showed the typical alpha helical structures 
present in CC10.  Note that the underline region corresponds to the primers used to 
amplify the gene.  
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Upon the verification of the ovine CC10 gene sequence, specific primers for qPCR 

analysis were designed to quantify ovine CC10 mRNA expression.  As shown in Figure 4 

and 5, the primers were used to evaluate CC10 mRNA expression.  As has been 

demonstrated in the human lung, the preterm lamb as compared to the adult ovine lung, 

has decreased (p < 0.05) CC10 mRNA Expression (Figure 1-9).  Furthermore, when 

preterm lambs were treated with rhCC10, CC10 mRNA expression was down-regulated.  

Following surfactant treatment, the two highest doses of rhCC10, 1.5 mg/kg and 5.0 

mg/kg, had the lowest (p < 0.05) CC10 mRNA expression out of all groups, with no 

difference between the 1.5 mg/kg and 5.0 mg/kg groups respectively. There was also no 

difference between the surfactant only and the 0.5 mg/kg rhCC10 group (Figure 1-10). 
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Figure 1-9: The Preterm Lamb is Deficient in native endogenous CC10. The 
preterm lamb has decreased (*p < 0.05) rhCC10 mRNA expression as compared to the 
adult ovine lung.  (Mean ± SE; n = 6 per group)  
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After determining that the preterm lambs had decreased CC10 mRNA expression due to 

rhCC10 dosing, relative endogenous CC10 in the homogenized lung tissue was measured 

using western blot (Figure 1-11 and 1-12).   The blots were performed with bovine anti-

CC10 antibody, since the bovine and ovine protein have a high degree of identity and 

similarity across protein residues and the anti-bovine CC10 antibody does not detect 

human rhCC10 (Figure 1-11). The production of endogenous CC10 protein coincided 

with the mRNA expression results, with the 1.5 mg/kg and 5.0 mg/kg rhCC10 groups 

having the lowest amount of endogenous CC10 of all groups, with no difference between 

Figure 1-10: Dose Response Effect of rhCC10 on CC10 mRNA Expression. There 
was no difference between the CC10 mRNA expression of surfactant treated and 
surfactant + 0.5 mg/kg rhCC10 and the 1.5 and 5.0 mg/kg rhCC10 groups 
respectively.  Both the medium and high dose rhCC10 groups demonstrated a greater 
decrease (*p < 0.05) in CC10 mRNA expression than either of the other groups. 
(Mean ± SE; n = 6 per group)  
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the 1.5 mg/kg and 5.0 mg/kg groups respectively.  There was also no difference between 

surfactant only and the 0.5 mg/kg rhCC10 group (Figure 1-12). 
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Figure 1-11: Representative Western Blots of the Dose Response Effect of 

rhCC10 on Endogenous CC10 Protein. CC10 bands were present at 10kDa in all 
groups except the rhCC10.  The 1.5 mg/kg and 5.0 mg/kg rhCC10 groups showed a 
less intense CC10 band compared to the other lamb treated groups. GAPDH was used 
for normalization and was present in all samples derived from animal tissue.   All 
samples were derived at the same time and processed in parallel (n = 6 per group). 
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Endogenous CC10 protein was plotted as a function of, tissue rhCC10 and pro-

inflammatory mediators (Figures 1-13:1-15).  Endogenous CC10 protein decreased (p < 

0.05) as a function of tissue rhCC10.  Endogenous CC10 protein increased (p < 0.05) as a 

function of inflammatory mediators IL-8 and TNF-α proteins and IFN-γ mRNA 

expression.  Pro-inflammatory mediators IL-8 and IFN-γ were determined as having a 

greater effect, as compared to lung tissue rhCC10, on endogenous CC10 protein by 

comparison of p values, the coefficient of determination, and slopes (Figure 1-13:15).   

Figure 1-12: Dose Response Effect of rhCC10 on Endogenous CC10 Protein 

Western Blot. There was no difference in the CC10 protein between the surfactant 
treated and the surfactant + 0.50 mg/kg rhCC10 groups  and between  the 1.5 and 5.0 
mg/kg rhCC10 groups respectively.  Both the medium and high dose rhCC10 groups 
had lower (*p < 0.05) CC10 protein than either of the other groups. (Mean ± SE; n = 6 
per group) 
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Figure 1-13:  Endogenous CC10 Protein as a function of lung tissue rhCC10.  

Lung endogenous CC10 protein was plotted as a function of lung tissue rhCC10.  As 
the lung tissue rhCC10 increased (p < 0.001, r2 = 0.60, slope = -0.01 ), endogenous 
CC10 protein decreased 
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Figure 1-14:  Endogenous CC10 as a function of pro-inflammatory mediators.  A) 
Endogenous CC10 was plotted as a function of lung tissue TNF-α protein.  As the 
TNF-α protein increased (p < 0.001, r2 = 0.46, slope = 2.74), endogenous CC10 
protein increased.  B) Endogenous CC10 was plotted as a function of lung tissue IL-8 
protein.  As the IL-8 protein increased (p < 0.001, r2 = 0.72, slope = 0.02), endogenous 
CC10 protein increased.  C) Endogenous CC10 was plotted as a function of relative 
IFN-γ mRNA expression.  As the mRNA expression of IFN-γ increased (p < 0.001, r2 

= 0.64, slope = 1.17), endogenous CC10 protein increased. 
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Discussion 

In this study, we successfully identified the ovine CC10 gene, confirmed it by using 

multiple methods, and used this new information as a tool to analyze the effect of 

exogenous rhCC10 on endogenous CC10 in the preterm lung.  Upon ovine CC10 cloning 

and sequencing, we found that the cDNA and amino acid sequences of CC10 are highly 

conserved across various species with a high degree of homology between the ovine and 

bovine CC10 sequences.  Our analysis of the protein sequence was even more conclusive 

with ExPASy predicting that the ovine CC10 sequence has a helical structure, similar to 

Figure 1-15: Combined Effect of IL-8 protein and Lung Tissue rhCC10 on 

Endogenous CC10 Protein.  3D visual representation of the effect of lung tissue 
rhCC10 protein and IL-8 protein on relative endogenous CC10 Protein.  IL-8 was 
selected as a representative pro-inflammatory mediator.  As illustrated by the slope of 
superimposed grid, IL-8 protein had a greater effect on endogenous CC10 as 
compared to lung tissue rhCC10. 
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the CC10 of other species 73, 85, and that it also contains the necessary cysteines for 

disulfide bridge supported dimerization.  

 

To our knowledge, this is the first report of a western blot being used to selectively 

measure endogenous ovine CC10 protein.   Based on these data, any future investigation 

into the effects of intervention on endogenous CC10 protein production, can be analyzed 

in this animal model.   Using the appropriate respective antibodies and western blot, it is 

now possible to measure both exogenous rhCC10 protein and endogenous CC10 protein 

produced within the same tissue.  In addition, using this approach we have demonstrated 

an age-dependent difference in endogenous CC10 in the preterm lamb that mirrors the 

human. This finding expands the clinical relevance of this animal preparation as a 

translational surrogate in lieu of the human preterm infant and adult.  

 

While the discovery of the ovine CC10 gene and further development of CC10 western 

blot techniques are important findings, our primary goal in this work was to analyze the 

impact of rhCC10 on endogenous CC10.  We demonstrated that rhCC10 treatment 

increases local lung tissue rhCC10 and that this is correlated with a decrease in 

inflammation, as represented by IL-8 and TNF-α proteins and IFN-γ mRNA expression.  

This work demonstrates that exogenous rhCC10 accumulates in the lung tissue, that pro-

inflammatory cytokines are reduced as a function of exogenous rhCC10 in the lung.  

Furthermore, endogenous CC10 production is decreased as a function of both exogenous 

rhCC10 and inflammation.  While direct effects of rhCC10 on endogenous CC10 

production can not be ruled, it is known that as production of CC10 is naturally 
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controlled by pro-inflammatory cytokine mediated promoters, including IFN-γ and TNF-

α, 56, 58, 97 and should self-regulate wherein a decrease in inflammation will decrease 

endogenous CC10 production.  It is therefore reasonable that the rhCC10 treatment is 

decreasing the stimulation for endogenous CC10 production through decreased cytokine 

production.  We further demonstrate that this is the case through our comparison of the 

relationships between lung tissue exogenous rhCC10 protein, endogenous CC10 protein, 

and IL-8 protein wherein the relationship between endogenous CC10 and IL-8  is 

stronger than with tissue rhCC10 .  Our data demonstrates that rhCC10 treatment 

mitigates lung inflammation and induces physiological regulatory feedback of 

endogenous CC10 in the immature, CC10 deficient lung (Figure 1-16). While it is 

important that the effect is to  reduce lung inflammation,  the impact on endogenous 

CC10 production may be an  important biomarker to monitor to provide guidance for 

rhCC10 dosing strategies in  lungs that are already CC10 deficient, such as in the preterm 

50, 55  or in patients with COPD 8, 84.  
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Overall, we have developed new approaches for identifying the effects of rhCC10 

treatment on the immature lung in the preterm lamb. We have used these tools to analyze 

the dose response effect of rhCC10 on endogenous CC10 at the protein and mRNA level.  

We have shown that rhCC10 decreases endogenous CC10 in a dose dependent manner in 

the preterm lamb lung coinciding with previous data showing a dose dependent decrease 

in inflammation.  Finally, we have provided supportive evidence that the impact of 

Figure 1-16:  Working Model of Regulation of CC10 by rhCC10 Treatment.  A) 
Pro-inflammatory cytokines bind to their respective membrane receptor, initiate their 
signaling pathway and transcription factors are translocated into the nucleus.  CC10 
gene transcription increases and mRNA is translocated out of the nucleus for 
translation into protein.  CC10 protein is processed and secreted into the extracellular 
environment.  B) With the addition of rhCC10 in the extracellular environment, there 
is a reduction of inflammation and a decreased levels of pro-inflammatory cytokines.  
This leads to a reduction in CC10 gene transcription, CC10 mRNA expression, and 
CC10 protein. 
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rhCC10 on endogenous CC10 is more tightly coupled to the decrease in inflammation as 

opposed to local tissue rhCC10. Future work will expand the use of these newly 

developed tools to analyze developmental differences in endogenous CC10 production, to 

investigate other methods of action of rhCC10, and further effects of rhCC10 on the lung 

and other organ systems.  
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CHAPTER 2: DOSE RESPONSE EFFECTS OF RHCC10 ON TLR 4 SIGNALING 

AND PRODUCTION 

Introduction 

Despite advances in the standard of care for the treatment of Respiratory Distress 

Syndrome (RDS) that have lowered patient mortality, long term morbidity, such as the 

development of Bronchopulmonary Dysplasia, has not been successfully addressed 4, 5.    

While surfactant therapy and lung protective ventilation strategies biomechanically 

improve lung function, they have not adequately decreased the inflammation seen in RDS 

5, 37, 83.  Furthermore, use of supplemental oxygen increases the production of reactive 

oxygen species in the lung which will lead to greater inflammatory damage11, 69.  Also, 

the use of prenatal and antenatal steroids is still debatable due to contraindicative effects 

on development of the infant 26, 95. Overall, new treatments that augment surfactant 

therapy are required that will treat the acute iatrogenic inflammation seen in RDS and 

thereby prevent the digression into bronchopulmonary dysplasia . 

 

Club Cell Secretory Protein 10 (rhCC10) is an anti-inflammatory protein produced by 

airway nonciliated epithelial cells.  It is known to inhibit sPLA2 and fibronectin and is 

associated with modulated NF-kB regulated inflammatory cytokines2, 47, 48, 50.  In its 

recombinant form, it has been shown that in supplementation to surfactant treatment in 

clinical and preclinical trials and to decrease multiple inflammatory biomarkers, increase 

vascular endothelial growth factor and surfactant protein A mRNA expression, and 

modify metalloproteinase activity65, 66, 96. 
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Toll-Like Receptors (TLRs) are important regulators of immune system function.    In the 

lung TLRs are expressed on the cell membrane surface of epithelial cells and leukocytes 

and in endosomes within leukocytes such as alveolar machrophages.  There are 12 known 

TLRs and they recognize pathogen associated molecular patterns (PAMPs) such as 

Lipopolysacchride (LPS) by TLR 47, 19, 57, 63, 67, 69, 94. Several of the TLRs also recognize 

similar structured endogenous damage associated molecular patterns (DAMPs) 80.  

DAMPs are produced in the inflamed lung, when non-programmed cell death causes the 

biomolecular compounds that are usually sequestered by the cellular membrane 

components to enter the extracellular space and interact with membrane receptors on 

other nearby cells 95.  Examples of DAMPs include mRNA and heat shock protein 

recognition by TLR 3 and 4 respectively. 

 

Multiple groups have demonstrated that TLRs play an integral role in lung inflammation 

across a variety of disorders and that inhibiting TLR function causes a decrease in 

inflammation57, 63, 67, 69, 89, 90, 94.  Currently, rhCC10 is known to have several anti-

inflammatory effects through direct competitive inhibition but the sum of its known 

action does not account for the total anti-inflammatory action of rhCC10. We propose 

that this effect may be due in part to its effect on toll-like receptor function and activity.   

To address this issue, a preterm lamb lung injury model was first characterized vs injured 

adult sheep lung and then used to investigate the effect of rhCC10 on TLR activity and 

expression.   Multiple biomarkers within the TLR signaling pathway as well as TLR 

expression were measured by qPCR of mRNA expression and western blot protein 
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analysis as appropriate.  We hypothesize that rhCC10 will lower toll-like receptor activity 

and expression in a dose response manner. 

 

Methods 

Animal Protocol and Tissue Collection 

Frozen lung tissue used in this project was derived from a previous study 83.  In brief, 

lambs (gestational age of 126 ± 3 days, n = 24, n = 6 per group) were anesthetized, 

instrumented, delivered by cesarean section and ventilated with 100% oxygen.  Lambs 

were randomized to receive no surfactant or rhCC10 treatment, surfactant treatment alone  

(Survanta®, Ross laboratories 4 mL/kg, 100 mg/kg) or surfactant followed by one of two 

doses of intratracheal rhCC10 (0.5 mg/kg or 1.5 mg/kg).  In addition, adult sheep (n = 12) 

were anesthetized and instrumented in a similar manner and ventilated with 100% oxygen 

or room air.  All animals were followed for 4 hours, after which lungs were harvested for 

frozen and fixed tissue collection. Following the animal study, we used a custom 

designed ELISA to measure Il-6 and IL-8 of lung tissue homogenate after 4 hours of 

ventilation 83. The experimental protocols and procedures for this study were approved by 

the Institutional Animal Care and Use Committee at Temple University School of 

Medicine and conducted in accordance with NIH and AALC guidelines. 

 

RNA extraction and cDNA synthesis 

Frozen lung tissue was homogenized from previous studies83 and processed using the 

Qiagen RNeasy miniprep kit (Qiagen, Valencia, CA).  RNA concentration was 

determined by measuring absorbance at 260nm and then diluted to a concentration of 1 
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ug/mL.  cDNA synthesis was then performed using the RevertaidTM First Strand 

Synthesis Kit (Fermentas, Glen Burnie, MD). 

 

Quantitative Real-Time PCR 

Primers were available for ovine TLR 4, IFN-γ and  IL-10 and purchased from Eurofins 

Operon (.  Using Syber Green technology, CC10 gene expression was measured using a 

Mastercycler® ep Realplex (Eppendorf, Hauppauge, NY) and normalized by 18S mRNA 

expression 29.  

 

Western Blot 

Frozen lung tissue was homogenized in RIPA solution and the protein concentration of 

the supernatant was measured using the Bradford method and aliquots of the supernatant 

were diluted to a uniform concentration.  SDS-PAGE was performed using a uniform 

volume of each sample.  Following transfer, a western blot was performed using rabbit 

anti-human IKK (L570, Cell Signaling), anti-pIKK (Ser 176/180) (16A6, Cell Signaling), 

,anti-pIkB (Ser 32) (14D4, Cell Signaling), anti-TLR (H-80, Santa Cruz) and HRP 

conjugated goat-anti-rabbit (Millipore) antibodies for primary and secondary antibodies 

respectively.  As reported by the manufacturer, there was no cross reactivity between 

phosphorylated and unphosphorylated analogs.  GAPDH was used for normalization with 

mouse anti-human GAPDH (ABD Serotec) with HRP conjugated anti-mouse (Millipore) 

as primary and secondary antibodies respectively.  IKB was measured with a mouse anti-

human IKB (Cell Signaling) as the primary antibody.  After reaction with substrate, 
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images were taken (LAS-3000 ; Fujifilm, Valhalla, NY) and band intensity was measured 

(Multi Gauge Software; Fujifilm).  

 

Data Analysis 

All data was imported into Microsoft Excel (Microsoft, Redmond, WA) and analyzed by 

ANOVA using Prism 5.0 (Graphpad, La Jolla, Ca).  Values are expressed as mean ± 

SEM and significance was accepted at p < 0.05. 

 

Results 

The untreated preterm lamb lung had increased (*p < 0.05) IL-6 and IL-8 protein as 

compared to lungs from both hyperoxic and normoxic ventilated adult ovine lung (Figure 

2-1).  The hyperoxic adult ovine lung had the highest (**p < 0.05) TLR 4 mRNA 

expression, but both adult groups had increased (*p < 0.05) TLR 4 mRNA expression as 

compared to the preterm lamb (Figure 2-2).  However, there was no difference in the 

TLR 4 protein between all three groups (Figure 2-3 and 2-6A).  The preterm lamb lung 

and the hyperoxic adult ovine lung had a similar level of TLR activity, as indicated by 

IKK phosphorylation, and a similar level of NF-kB activity, as indicated by IkB 

phosphorylation.  The normoxic ventilated adult ovine lung had the lowest (*p < 0.05) 

IKK and IkB phosphorylation, respectively (Figures 2-4 : 2-6B & C). 
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Figure 2-1: Comparison of Preterm and Adult Ovine Lung IL-6 and IL-8 

Protein.  The preterm lamb had increased IL-8 and IL-6 protein as compared to both 
adult sheep groups.  There was no difference between the two adult sheep groups. 
(Mean ± SE; n = 6 per group)  
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Figure 2-2: Comparison of Preterm and Adult Ovine Lung TLR 4 Expression. 

The hyperoxic adult sheep had the highest (**p < 0.05 ) TLR 4 mRNA expression.  
Both adult sheep groups had a greater (*p < 0.05) TLR 4 mRNA expression than the 
preterm lamb. (Mean ± SE; n = 6 per group)  
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Figure 2-3: Comparison of Preterm and Adult Ovine Lung TLR 4 Protein. TLR 4 
protein was normalized by GAPDH protein.  There was no difference in the TLR 4 
Protein between the three groups. (Mean ± SE; n = 6 per group)  

Figure 2-4: Comparison of Preterm and Adult Ovine Lung TLR 4 Activity. There 
was no difference in the relative phosphorylation of IKK between the preterm and 
hyperoxic adult sheep.  The normoxic sheep had a decreased (*p < 0.05) relative IKK 
phosphorylation. (Mean ± SE; n = 6 per group)  
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Figure 2-5: Comparison of Preterm and Adult Ovine Lung NF-kB Activity.  
There was no difference in the relative phosphorylation of IkB between the preterm 
and hyperoxic adult sheep.  The normoxic sheep had decreased (*p < 0.05) relative 
IkB phosphorylation compared to the other groups. (Mean ± SE; n = 6 per group)  
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In mechanically ventilated, surfactant-treated preterm lambs with RDS , rhCC10 

mitigated the pro-inflammatory profile in the lung  83.  Specifically, in a dose response 

manner, rhCC10 lowered IL-6 and IL-8 protein in homogenized lung tissue (Figure 2-7 

and 2-8).  The 1.5 mg/kg rhCC10 treated group had the lowest **(p < 0.05) lung IL-6 

protein, with the 0.5 mg/kg rhCC10 group having decreased (*p < 0.05) IL-6 protein as 

compared to the surfactant only and untreated groups no significant differences in IL-6 

protein between the other three groups.  Animals treated with 1.5 mg/kg rhCC10 had 

decreased (*p < 0.05) IL-8 protein compared to the 0.5 mg/kg rhCC10, surfactant only, 

and untreated preterm lamb group. 

Figure 2-6: Representative Western Blots of the Developmental Differences 

on TLR Mediated Inflammation. Presented here are: A) Representative bands of 
TLR, normalized by GAPDH B) Representative bands of pIKK, normalized by 
IKK C) Representative bands of pIkB, normalized by IkB. The molecular weights 
of all bands coincide with the manufacturer specifications for the respective 
antibodies. All samples were derived at the same time and processed in parallel. 
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Figure 2-7: Dose Response Effect of rhCC10 on IL-6 Protein. There was no 
difference in the IL-6 protein between untreated and surfactant treated groups. The 
0.50 mg/kg and 1.5 mg/kg rhCC10 groups had lower (*p < 0.05) IL-6 protein than the 
untreated and surfactant treated groups. The 1.5 mg/kg rhCC10 treated group was 
lower (**p < 0.05) than the 0.5 mg/kg rhCC10 treated group. (Mean ± SE ; n = 6 per 
group) 
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There was also an rhCC10 mediated dose response effect in IFN-γ and IL-10 mRNA 

expression (Figures 2-9 and 2-10). Compared to untreated control, surfactant alone and 

surfactant  + 0.5 mg/kg rhCC10 both had decreased (*p < 0.05) IFN-γ mRNA expression.  

The 1.5 mg/kg rhCC10 group had the lowest (*p < 0.05) IFN-γ mRNA expression. The 

1.5 mg/kg rhCC10 group had the lowest (**p < 0.05) IL-10 mRNA expression, with no 

difference between the other three groups.   

Figure 2-8: Dose Response Effect of rhCC10 on IL-8 Protein. There was no 
difference between the UT, SFT, and 0.50 mg/kg rhCC10 treated groups.  The 1.5 
rhCC10 group had lower (*p < 0.05) IL - 8 than all other groups. (Mean ± SE ; n = 6 
per group) 
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Figure 2-9: Dose Response Effect of rhCC10 on IFN-γ mRNA Expression. The 
surfactant treated and both rhCC10 groups had a lower (*p < 0.05) IFN-γ mRNA 
expression than the untreated group. The 1.5 mg/kg rhCC10 treated group had the 
lowest (**p < 0.05) IFN-γ mRNA expression (Mean ± SE ; n = 6 per group). 
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After determining, the effect of rhCC10 treatment on the cytokine profile of the preterm 

lung, we analyzed two key phosphorylation events in the TLR 4 signaling path.  After 

activation of TLR 4, there are several secondary messenger steps that culminate in the 

phosphorylation of IKK which in turn activates NF-kB, a key pro-inflammatory 

transcription factor, by phosphorylation of IkB.  Through our use of western blot, we 

measured the relative activity of IKK and NF-kB.  In Figures 2-11, 2-12, and 2-13A & B, 

we show that the 1.5 mg/kg rhCC10 group had the lowest (*p < 0.05) TLR Activity and 

NF-kB activity, respectively with no difference between the other three groups. 

 

 

Figure 2-10: Dose Response Effect of rhCC10 on IL-10 mRNA Expression. There 
was no difference in the IL-10 mRNA expression between untreated, surfactant 
treated, and 0.5 mg/kg rhCC10 groups. The 1.5 mg/kg rhCC10 group had a lower (*p 
< 0.05) IL-10 mRNA expression than the other three groups. (Mean ± SE ; n = 6 per 
group) 
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Figure 2-11: Dose Response Effect of rhCC10 on Relative TLR 4 Activity. There 
was no difference in the TLR activity, as represented by pIKK protein normalized by 
IKK protein, between untreated, surfactant treated, and 0.5 mg/kg rhCC10 groups. The 
1.5 mg/kg rhCC10 group had a lower (*p < 0.05) TLR activity than the other three 
groups. (Mean ± SE ; n = 6 per group) 
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Figure 2-12: Dose Response Effect of rhCC10 on NF-kB Activity. There was no 
difference in the NF-kB activity, as represented by pIkB protein normalized by IkB 
protein, between untreated, surfactant treated, and 0.5 mg/kg rhCC10 groups. The 1.5 
mg/kg rhCC10 group had a lower (*p < 0.05) NF-kB activity than the other three 
groups. (Mean ± SE ; n = 6 per group) 
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We also analyzed the dose dependent effect of rhCC10 on TLR 4 mRNA expression and 

protein.  As presented in Figures 2-13C, 2-14, and 2-15, there is a rhCC10 dose 

dependent increase in TLR 4 mRNA expression and protein.  Respectively, there was no 

difference in the TLR 4 mRNA expression and TLR 4 protein between untreated, 

surfactant treated, and 0.5 mg/kg rhCC10 groups. The 1.5 mg/kg rhCC10 group had a 

higher (*p < 0.05) TLR 4 mRNA expression and TLR 4 protein than the other three 

groups. 

Figure 2-13: Representative Western Blots of the Dose Dependent Effects of 

rhCC10 on TLR Mediated Inflammation. Presented here are: A) Representative 
bands of TLR, normalized by GAPDH B) Representative bands of pIKK, normalized 
by IKK C) Representative bands of pIkB, normalized by IkB. The molecular weights 
of all bands coincide with the manufacturer specifications for the respective 
antibodies. 
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Figure 2-14: Dose Response Effect of rhCC10 on TLR 4 mRNA Expression. 

There was no difference in the TLR 4 mRNA expression between untreated, surfactant 
treated, and 0.5 mg/kg rhCC10 groups. The 1.5 mg/kg rhCC10 group had a higher (*p 
< 0.05) TLR 4 mRNA expression than the other three groups. (Mean ± SE ; n = 6 per 
group) 
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As previously described,, surfactant protein A decreases TLR activity while increasing 

expression36.  In Figure 2-16, we demonstrate that there is a rhCC10 mediated dose 

dependent effect on SP-A mRNA expression.  The surfactant treated and 0.5 mg/kg 

rhCC10 group had increased (*p < 0.05) SP-A mRNA expression as compared to 

untreated control.  The 1.5 mg/kg group had the highest (**p < 0.05) level of mRNA 

expression of SP-A.  This coincides with previous work published by our group96.  

Figure 2-15: Dose Response Effect of rhCC10 on TLR 4 Protein. TLR 4 protein 
was normalized by GAPDH protein. There was no difference in the TLR 4 protein 
between untreated, surfactant treated, and 0.5 mg/kg rhCC10 groups. The 1.5 mg/kg 
rhCC10 group had a higher (*p < 0.05) TLR 4 protein than the other three groups. 
(Mean ± SE ; n = 6 per group) 
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Discussion 

In this study, we first demonstrated that the ventilated preterm lung is in an inflamed state 

that responds to anti-inflammatory intervention.   Across multiple markers of 

inflammation, we have shown that the preterm lung either has increased, or is no different 

in, pro-inflammatory biomarkers as compared to the adult ovine lung.  As has been 

reported in the literature, and as we demonstrated in Chapter 1, the preterm lung is known 

to be deficient in anti-inflammatory protection 55. The combination of the preterm having 

increased pro-inflammatory biomarkers and decreased anti-inflammatory biomarkers as 

Figure 2-16: Dose Response Effect of rhCC10 on SP-A mRNA Expression. All 
treated groups had an increased (*p < 0.05) SP-A mRNA expression compared to 
untreated.  There was no difference between the surfactant treated and 0.5 mg/kg 
rhCC10 groups. The 1.5 mg/kg rhCC10 treated group had the highest (**p < 0.05) SP-
A mRNA expression. (Mean ± SE) 
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compared to the adult demonstrates that the preterm lung has a greater relative level of 

inflammation and a greater propensity for injury. 

 

In our evaluation of the effects of rhCC10, we have shown that rhCC10 alters the 

inflammatory profile in a dose dependent manner.  It decreases endogenous IL-6 and IL-8 

protein, IFN-γ expression, IL-10 expression, IkB phosphorylation, and IKK 

phosphorylation. This demonstrates that rhCC10 is decreasing TLR 4 mediated 

inflammation.  We have also demonstrated that this effect is independent of changes in 

IL-10 expression.  Due to the importance of TLR mediated inflammation in multiple lung 

diseases, including Respiratory Distress Syndrome, rhCC10 offers a potential therapeutic 

to supplement the current standard of care.   

 

Importantly, the decreased TLR 4 activity occurs in contrast to an increase in TLR 4 

mRNA expression and protein.   We also see an increase in SP-A which coincides with 

the increased TLR 4 expression and protein and decreased TLR 4 signaling activity.  It 

has been shown in the literature that SP-A can decrease TLR activity while increasing 

TLR protein 36.  Due to the heterogenous nature of homogenized lung tissue, we cannot 

determine in this current model if the effect of rhCC10 on TLR 4 function is independent 

of the other known anti-inflammatory effects of rhCC10.  We will further expand this 

investigation into the effect of rhCC10 on TLR 4 function and determine if it is 

independent of sPLA2.using A549 cell culture. 
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CHAPTER 3: RHCC10 INDUCED MITIGATION OF 

TOLL-LIKE RECEPTOR INJURY IN AN ALVEOLAR-LIKE CELL LINE  
 

Introduction 

 
RhCC10 is a potential therapeutic to combat pulmonary inflammation in a variety of lung 

disorders 1, 2, 8, 11, 13, 27, 50, 65, 66, 72, 75, 83, 99, including respiratory distress, as we previously 

demonstrated in a preterm lamb model.  Toll-like receptor signaling, and specifically 

TLR 4, has been shown to an integral DAMP receptor for inflammation in the lung 23.  

There are currently a lack of known therapeutics to inhibit TLR mediated inflammation. 

 

We have shown that rhCC10 decreases hyperoxia induced TLR 4 activity in the preterm 

lung. We believe this effect could be mediated by surfactant protein A (SP-A).  

Previously, it has been demonstrated by our group that rhCC10 increases SP-A mRNA 

expression and protein in the premature lung 96.  rhCC10 has also been shown to protect 

against lung injury from sPLA2 IIA and IB mediated surfactant degradation25, 60.  It has 

also been shown that SP-A modulates TLR expression while mitigating TLR signaling 36. 

We will seek to further test this notion and also determine if the rhCC10 mitigation of 

TLR induced inflammation is independent of the known mechanisms of rhCC10 action, 

competitive inhibition of PLA2 and inhibition of fibronectin2, 47-49, 98.   We will also 

determine if rhCC10 is mitigating TLR activity and expression through muc-1 or IL-10 

immunoregulation 20, 42, 44, 70, 90, 93 

 

The lung is a heterogenous environment with many cell types present which limits the 

usefulness of an in vivo model in isolating the mechanism of the effect of rhCC10 on 
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TLR 4.  A homogenous culture model of lung-like cells offers a way to tackle this 

question.  Specifically, this will eliminate any effect of fibronectin induced immune cell 

migration and will afford us the ability to minimize effects of sPLA2 IIA while still 

measuring the effect of rhCC10 on TLR 4 expression and signaling.  Using A549 cells, a 

pneumocyte type II like cell, we used two strategies to determine the effect of rhCC10 on 

TLR 4 activity.  The first measured the inflammatory response to TLR 4 specific agonist, 

LipoPolySaccharide (LPS) with and without rhCC10 treatment.  The second was to 

knockdown sPLA2 and then measure the effect of rhCC10 treatment in response to 

respective pro-inflammatory stimuli LPS and hyperoxia.  The knockdown of sPLA2 IIA, 

was performed using a lentivirus against cPLA2 IVA, an upstream enzyme required for 

multiple types of sPLA2 activation3.  By knocking down a broader swath of sPLA2 

enzymes, we therefore minimized any compensation for loss of sPLA2 IIA by other types 

of sPLA2.  Overall, this dual prong stepwise approach, allowed us to determine if rhCC10 

mediates toll-like receptor 4 and if this effect is independent of sPLA2 and fibronection. 

 

This study expands upon previous work where rhCC10 increased surfactant protein A 

and TLR 4 expression and protein, while decreasing TLR 4 mediated inflammation in a 

surfactant treated preterm lamb lung.  In the injured lung, sPLA2 degrades surfactant 

protein A .  In culture, surfactant protein A has been shown to increase TLR expression 

while decreasing activity 36.  It is therefore reasonable to question if the effect of rhCC10 

on TLR 4 signaling is mediated through surfactant protein A.  . 
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 Methods 

Cell Culture 

A549 cells (Passage 80; ATCC) , were grown to 90% confluence, as determined by 

visual inspection, in F-12K culture medium (ATCC), supplemented with penicillin (100 

units / mL ; ATCC) and streptomycin (100 ug / mL ; ATCC) and 10% fetal bovine serum 

(ATCC) and maintained at 37 oC, 95% humidity, and 21% O2, 5% CO2, balance N2 
21, 31, 

69, 76 

Transfection 

6 groups of plasmids containing puromycin resistance and shRNA targeting cPLA2 

Group IVA will be purified from qualified MISSION® bacterial stocks (Sigma-Aldrich, 

St. Louis, MO) using the PerfectPrep Endofree Maxi Kit (5Prime, Gaithersburg, MD).  

They, along with plasmids for lentivirus envelope and scaffold was transfected using  

TransIT*-LT1 Transfection Reagent (Mirus Bio, Madison, WI) into HEK293 cells and 

cultured for 24-48 hours.  Virus containing media was collected and used to expose 

wildtype A549 cells (Passage 83) to respective virus.  Transfected A549 cells were 

selected by puromycin 48 hours later.  After reaching 90% or greater confluence, cPLA2 

Group IVA mRNA expression of each respective group was then assessed by qPCR and 

sPLA2 IIA activity was assessed by sPLA2 activity assay (Cayman Chemical, Ann Arbor, 

MI) and compared to wildtype A549 cells respectively.  The group with the lowest sPLA2 

activity was selected to be used as the sPLA2 knockdown for this study. To further assure 

sPLA2 knockdown, an shRNA resistant cPLA2 rescue plasmid was constructed (Blue 

Heron Bio, Bothell, WA).  The cell group selected by the sPLA2 assay was then 

transfected with the shRNA resistant plasmid using TransIT*-LT1 Transfection reagent.  
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The mRNA expression of cPLA 2 Group IVA and sPLA 2 activity was then measured to 

verify rescue of sPLA2 function. 

Hyperoxia Exposure 

A549 cell culture plates (Passage 88) were divided into eight groups total, with at least a 

N of 6 culture plate wells per group.  Cells were exposed to (5% CO2, balance O2) for 24 

hours, at 37oC.  Similarly, normoxic groups were kept at 37oC. rhCC10 treated groups 

were pre-treated with 1 mg  (0.5 mg / mL) of rhCC10 (APC Biomaterials, LLC, 

Rockville, MD) in the media immediately prior to exposure 21, 31, 69, 76.  The media was 

not changed during the exposure period. 

 

LPS Exposure 

A549 cells culture plates (Passage 88) were divided into eight groups total, with at least a 

N of 6 culture plate wells per group.  Cells were be exposed to 10 ug / mL LPS 

(Irradiated, Cell Culture Grade, Sigma-Aldrich) for 24 hours, at 37oC.  Similarly, non-

LPS exposed groups were kept at 37oC. rhCC10 treated groups were pre-treated with 1 

mg (0.5 mg / mL) rhCC10 (APC Biomaterials) in the media immediately prior to 

exposure 15, 28, 34, 46, 76.  The media was not changed during the exposure period. 

 

Western Blot 

A549 cells were spun at 1,000 RPM for 3 minutes, the supernatant was aspirated, and the 

pellet was resuspended in sterile PBS.  Following an additional spin, and then aspiration, 

the pellet was resuspended in sterile PBS.  Cells from each sample were counted by 

hemocytometer in a 20uL aliquot using trypan blue staining.  Cells from each sample 
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were then aliquoted into sterile saline so as to ensure a homogenous cell count (cells / 

mL) across all samples in all groups.  Cells were then homogenized using a 25 gauge 

needle and sterile syringe.  Following boiling, and addition of loading buffer, samples 

were run in 15% sds-polyacrylamide gels and transferred to a nitrocellulose membrane.  

Following transfer, a western blot was performed using rabbit anti-human IKK (L570, 

Cell Signaling), anti-pIKK (Ser 176/180)  (16A6, Cell Signaling), anti-pIkB (Ser 32) 

(14D4, Cell Signaling), anti-TLR (H-80, Santa Cruz) and HRP conjugated goat-anti-

rabbit (Millipore) antibodies for primary and secondary antibodies respectively.  As 

reported by the manufacturer, there was no cross reactivity between phosphorylated and 

unphosphorylated analogs.  GAPDH was used for normalization with mouse anti-human 

GAPDH (ABD Serotec) with HRP conjugated anti-mouse (Millipore) as primary and 

secondary antibodies respectively.  IKB was measured with a mouse anti-human IKB 

(Cell Signaling) as the primary antibody.  After reaction with substrate, images were 

taken (LAS-3000 ; Fujifilm, Valhalla, NY) and band intensity was measured (Multi 

Gauge Software; Fujifilm).  

 

Quantitative polymerase chain reaction (qPCR) 

 RNA were extracted from A549 cells using the Qiagen (Valencia, CA) RNeasy mini 

prep kit. RNA concentration was determined by measuring the absorbance at 260nm and 

then diluting to a concentration of 1 ug/uL. cDNA synthesis was performed on samples 

using the Fermentas (Glen Burnie, MD) RevertAid cDNA synthesis kit.. The qPCR was 

performed in a Realplex thermocycler (Eppendorf) using SYBR green as the detection 

method. Primers for IL-6, IL-8, IFN-γ, 18S, and IL-10 were commercially available and 
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were purchased through Eurofins EWG Operon (Huntsville, AL) and the SYBR Green 

Master Mix was purchased from Fermentas.  18S mRNA expression was used for 

normalization. 

 

Statistical Analysis 

Data from cellular assays is presented as the mean ± standard error.  Data was analyzed 

using a multi-factorial analysis of variance for hyperoxia and rhCC10 treatments using 

Prism 5.0 (Graphpad Software, Inc., San Diego, CA) to determine differences between 

experimental conditions. Significance was accepted at p < 0.05.   

 

Results 

Characterization of the cytokine profile demonstrated that LPS increased (*p < 0.05) IL-

6, IL-8, IFN-γ,  and IL-10 mRNA expression in wild type normoxic A549 cells.  rhCC10 

mitigated that increase and the respective cytokines responses were no different from 

unexposed controls.  rhCC10 treatment itself did not affect the mRNA expression of the 

cytokine profile (Figures 3-1 and 3-2). 
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Figure 3-1: Effect of rhCC10 on LPS induced IL-6 and IL-8 mRNA expression. 

LPS exposure increased (*p < 0.05) IL-6 and IL-8 mRNA expression.  There was no 
difference in IL-6 and IL-8 mRNA expression between untreated, rhCC10 treated, and 
rhCC10 treated LPS exposed cells, respectively. (Mean ± SEM; n = 6 per group) 
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TLR activity and NF-kB activity were measured by the relative ratio of phosphorylated 

IKK and IkB to their unphosphorylated analogues, respectively.  IKK was used an NF-kB 

independent marker of TLR signaling.  As seen in Figures 3-3, 3-4, and 3-5A & B, LPS 

increases (*p < 0.05) TLR and NF-kB activity as compared to unexposed controls.  

rhCC10 treatment mitigates this increase so as to be no different from unexposed 

controls. 

Figure 3-2: Effect of rhCC10 on LPS induced IFN-γ and IL-10 mRNA 

expression. LPS exposure increased (*p < 0.05) IFN-γ and IL-10 mRNA expression.  
There was no difference in IFN-γ and IL-10 mRNA expression between untreated, 
rhCC10 treated, and rhCC10 treated LPS exposed cells, respectively. (Mean ± SEM; n 
= 6 per group) 
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Figure 3-3: Effect of rhCC10 on LPS induced Relative TLR 4 Activity. LPS 
exposure increased (*p < 0.05) relative IKK phosphorylation.  There was no 
difference in IKK phosphorylation between untreated, rhCC10 treated, and rhCC10 
treated LPS exposed cells, respectively. (Mean ± SEM; n = 6 per group) 
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Figure 3-4: Effect of rhCC10 on LPS induced NF-kB Actvity. LPS exposure 
increased (*p < 0.05) relative IkB phosporylation.  There was no difference in IkB 
phosphorylation between untreated, rhCC10 treated, and rhCC10 treated LPS exposed 
cells, respectively. (Mean ± SEM; n = 6 per group) 

 

Figure 3-5: Representative 

Western Blots of the Effect of 

rhCC10 on LPS induced 

Inflammation. LPS exposure 
increased (p < 0.05) NF-kB activity, 
as represented by IkB 
phosphorylation, TLR activity, as 
represented by IKK 
phosphorylation, and TLR 4 
protein. rhCC10 mitigated the LPS 
induced inflammation. 



  57  

LPS exposure increased (*p < 0.05) TLR 4 mRNA expression and protein as compared to 

all other groups (Figures 3-5C, 3-6 and 3-7).  rhCC10 treatment mitigated this effect, so 

as the rhCC10 treated LPS exposed group was no different from unexposed controls.  

There was not a rhCC10 associated increase in TLR mRNA expression and protein. 
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Figure 3-6: Effect of rhCC10 on LPS induced TLR 4 mRNA expression. 

LPS exposure increased (*p < 0.05) TLR 4 mRNA expression.  There was no 
difference in TLR 4 mRNA expression between untreated, rhCC10 treated, and 
rhCC10 treated LPS exposed cells, respectively. (Mean ± SEM; n = 6 per group) 
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LPS exposure increased (*p < 0.05) mucin 1 expression and rhCC10 treatment mitigated 

this effect (Figure 3-8).  There was no difference in the mucin 1 expression between the 

other 3 groups.  rhCC10 treatment alone did not increase mucin 1. 

 

 

 

Figure 3-7: Effect of rhCC10 on LPS induced TLR 4 Protein. TLR 4 protein was 
normalized by GAPDH protein.  LPS exposure increased (*p < 0.05) TLR 4 protein.  
There was no difference in TLR 4 protein between untreated, rhCC10 treated, and 
rhCC10 treated LPS exposed cells, respectively. (Mean ± SEM; n = 6 per group) 
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In Figures 3-9 to 3-11, we demonstrate development of a knockdown of sPLA2 though 

inhibition of cPLA2 Group IV.  Figure 3-9 displays the relative knockdown of cPLA2 in 

the multiple transfected groups as compared to wild type.  The negative control shRNA 

and transfected rescue both are within 10% of wild type cPLA2 mRNA expression.  Two 

groups, 263 and 266 group have an mRNA below 20%.  Upon further analysis using an 

sPLA2 activity assay (Figures 33, the 263 and 266 groups are found to be roughly 

equivalent with an approximate 35% activity of wild type A549 cells.  For use in our 

studies, we selected the 266 group due to its slightly lower sPLA2 activity.  

Figure 3-8: Effect of rhCC10 on LPS induced mucin 1 mRNA expression. LPS 
exposure increased (*p < 0.05) mucin 1 mRNA expression.  There was no difference 
in mucin 1 mRNA expression between untreated, rhCC10 treated, and rhCC10 treated 
LPS exposed cells, respectively. (Mean ± SEM; n = 6 per group) 
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Figure 3-9: cPLA2 mRNA Expression of Cells Transfected with shRNA 

constructs. cPLA2 mRNA expression was measured in 5 groups of transfected cells.  
Groups transfected with the 263 or 266 had the lowest level of cPLA2 expression.  The 
negative control transfected group, Neg shRNA had a similar level of cPLA2 
expression to wildtype.  Cells from group 266 that were transfected with the rescue 
cPLA2 plasmid had a similar expression to wild type. 
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Figure 3-10: sPLA2 Activity Assay of Selected Transfected Cell Groups. sPLA2 
activity, as represented by the slope of the line, was decreased (p < 0.05) in the 2 
groups of cPLA2 knockdown transfected cells (263 and 266).  There was no difference 
in sPLA2 activity between wild type, negative control, and transfected cPLA2 rescue 
cells. 

Figure 3-11: sPLA2 % Knockdown as Compared to Untransfected Wild Type.  

Groups 263 and 266 had about 35% sPLA2 activity of wild type cells.  Negative 
control and rescue groups both had a percent activity over 90%. 
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After creating the knockdown model, we measured the effect of rhCC10 on the 

inflammatory profile of A549 cells when exposed to hyperoxia or LPS in the absence and 

presence of sPLA2.  Figures 3-12 to 3-15, show the cytokine profile, with measurements 

of the mRNA expression of IL-6,, IL-8, IFN-γ, and IL-10.  Across all of these respective 

cytokines, there was no difference between wild type and knockdown cells.  IL-6 and IL-

8 mRNA expression was increased (*p < 0.05) in both LPS and hyperoxia exposed cells 

with rhCC10 treatment decreasing the respective biomarkers so as to be no different from 

unexposed control.  Following LPS or hyperoxia exposure IFN-γ and IL-10 were 

increased (*p < 0.05) with rhCC10 decreasing both of the respective biomarkers.  IFN- γ 

and IL-10 mRNA was increased (p < 0.05) in rhCC10 treated, hyperoxia exposed cell, as 

compared to normoxic control.  
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Figure 3-12: Effect of rhCC10 on IL-6 mRNA expression in the sPLA2 KD 

Transfected Cells.  LPS and HO exposure increased (*p < 0.05) IL-6 mRNA 
expression respectively as compared to wild type cells.  rhCC10 treatment decreased 
IL-6 mRNA expression (*p < 0.05) wild type and knockdown cells so as to be no 
different from untreated control. (Mean ± SEM; n = 6 per group) 
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Figure 3-13: Effect of rhCC10 on IL-8 mRNA expression in the sPLA2 KD 

Transfected Cells.  LPS and HO exposure increased (* < 0.05) IL-8 mRNA 
expression respectively as compared to wild type cells.  During LPS exposure, 
rhCC10 treatment decreased IL-8 mRNA expression (p < 0.05) wild type and 
knockdown cells so as to be no different from untreated control. During hyperoxia 
exposure, as compared to rhCC10 treated groups wild type and knockdown cells have 
an increased (**p < 0.05) IL-8 mRNA expression (Mean ± SEM; n = 6 per group) 
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Figure 3-14: Effect of rhCC10 on IFN-γ mRNA expression in the sPLA2 KD 

Transfected Cells.  LPS and HO exposure increased (*p < 0.05) IFN-γ mRNA 
expression respectively as compared to wild type cells.  During LPS exposure, 
rhCC10 treatment decreased IFN-γ mRNA expression (*p < 0.05) wild type and 
knockdown cells so as to be no different from untreated control. During hyperoxia 
exposure, as compared to rhCC10 treated groups wild type and knockdown cells have 
an increased (**p < 0.05) IFN-γ mRNA expression. (Mean ± SEM; n = 6 per group) 
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Following measurement of the cytokine profile, we determined the impact of rhCC10 

TLR and NF-kB activity in the presence and absence of sPLA2.  Figures 3-16, 3-17, 3-

18B & C, and 3-19B & C,  show that when exposed to LPS, TLR and NF-kB activity is 

increased (*p < 0.05) in both the wild type and knockdown cells versus control.  rhCC10 

mitigates LPS exposure, so as that exposed cells are no different from unexposed control.  

When exposed to hyperoxia, TLR and NF-kB activity are increased (**p < 0.05) vs 

Figure 3-15: Effect of rhCC10 on IL-10 mRNA expression in the sPLA2 KD 

Transfected Cells.  LPS and HO exposure increased (*p < 0.05) IL-10 mRNA 
expression respectively as compared to wild type cells.  rhCC10 treatment decreased 
IL-10 mRNA expression (*p < 0.05) wild type and knockdown cells so as to be no 
different from untreated control. (Mean ± SEM; n = 6 per group) 
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rhCC10 treated groups and all exposed groups have increased (*p < 0.05) TLR and NF-

kB activity vs normoxic control. 
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Figure 3-16: Effect of rhCC10 on TLR 4 Activity in the sPLA2 KD Transfected 

Cells.  LPS and HO exposure increased (*p < 0.05) relative IKK phosphorylation 
respectively as compared to wild type cells.  rhCC10 treatment decreased relative IKK 
phosphorylation (*p < 0.05) wild type and knockdown cells so as to be no different 
from untreated control. (Mean ± SEM; n = 6 per group) 
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Figure 3-17: Effect of rhCC10 on NF-kB Activity in the sPLA2 KD Transfected 

Cells.  LPS and HO exposure increased (*p < 0.05) relative IkB phosphorylation 
respectively as compared to wild type cells.  rhCC10 treatment mitigated LPS 
exposure so relative IkB phosphorylation was no different from untreated control.  
During hyperoxia exposure, as compared to rhCC10 treated groups wild type and 
knockdown cells have an increased (**p < 0.05) IkB phosphorylation. (Mean ± SEM; 
n = 6 per group) 
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Figure 3-18: Representative Blots of the Effect of rhCC10 on TLR 4 

Mediated Inflammation in the sPLA2 KD Transfected Cells Exposed to 

LPS. rhCC10 decreased (p < 0.05) the LPS induced inflammation.  There was 
no difference between knockdown and wild type cells when under the same 
conditions.  All samples were derived at the same time and processed in 
parallel. 
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The effect of rhCC10 in mitigating LPS and hyperoxia increases in TLR 4 mRNA 

expression and protein was also measured.  In Figures 3-18A, 3-19A, 3-20, and 3-21, 

LPS and hyperoxia both increase (*p < 0.05) TLR 4 mRNA expression and protein.  

rhCC10 treatment mitigates this increase so as to be no different from control unexposed 

cells.   

Figure 3-19: Representative Blots of the Effect of rhCC10 on TLR 4 Mediated 

Inflammation in the sPLA2 KD Transfected Cells Exposed to Hyperoxia. 
rhCC10 decreased (p < 0.05) the hyperoxia induced inflammation.  There was no 
difference between knockdown and wild type cells when under the same conditions.  
All samples were derived at the same time and processed in parallel. 
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Figure 3-20: Effect of rhCC10 on TLR 4 mRNA expression in the sPLA2 KD 

Transfected Cells.  LPS and HO exposure increased (*p < 0.05) TLR 4 mRNA 
expression respectively as compared to wild type cells.  rhCC10 treatment decreased 
TLR 4 mRNA expression (p < 0.05) wild type and knockdown cells so as to be no 
different from untreated control. (Mean ± SEM; n = 6 per group) 
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Due to the rhCC10 mediated increase in SP-A mRNA expression in the preterm lung 

model, we measured the mRNA expression in this sPLA2 knock down cell system 

(Figure 3-22).  LPS and hyperoxia exposure did not change SP-A expression in the wild 

type or transfected groups.  rhCC10 treatment  increased (*p < 0.05) SP-A mRNA 

expression in both the wild type and transfected cell groups. 

Figure 3-21: Effect of rhCC10 on TLR 4 protein in the sPLA2 KD Transfected 

Cells.  TLR 4 protein was normalized by GAPDH protein. LPS and HO exposure 
increased (p < 0.05) TLR 4 protein respectively as compared to wild type cells.  
rhCC10 treatment decreased TLR 4 protein (*p < 0.05) wild type and knockdown cells 
so as to be no different from untreated control. (Mean ± SEM; n = 6 per group) 
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Discussion     

In this work, we demonstrated that rhCC10 inhibits TLR mediated inflammation in the 

presence and absence of sPLA2.   As we demonstrated, this response is not associated 

with increases in IL-10 or mucin 1.  We did not observe an rhCC10 mediated increase in 

TLR 4 expression and protein, as demonstrated in the preterm lamb lung.  Although we 

do see an effect of an rhCC10 mediated increase on SP-A expression, we do not see a 

corresponding impact on TLR expression and protein.  This conflicts with our previous 

Figure 3-22: Effect of rhCC10 on SP-A mRNA expression in the sPLA2 KD 

Transfected Cells.  LPS and HO exposure increased (*p < 0.05) SP-A mRNA 
expression respectively as compared to wild type cells.  rhCC10 treatment decreased 
SP-A expression (p < 0.05) wild type and knockdown cells so as to be no different 
from untreated control. (Mean ± SEM; n = 6 per group) 



  74  

reasoning and is likely to due to innate differences between the animal and cell culture 

models.  Possible explanations include, but are not limited to, modification of the rhCC10 

by other inflammatory processes in vivo 
77, differences in overall pro-inflammatory 

exposure time between the in vivo and in vitro models, and a lack of low overall total 

content of surfactant proteins in the liquid, non-gas interface, submerged culture 81, 82.  

These results have led us to conclude that it is possible that the effect of rhCC10 on TLR 

signaling and expression are mediated by separate mechanisms. It is also doubtful that the 

effect of rhCC10 on TLR 4 activity is mediated through SP-A like we initially believed.  

RhCC10 could affect TLR 4 through direct binding or modification of the membrane 

lipid organization, as previously described with other agents 86, 91.  We will seek to 

initially test these hypotheses by measuring rhCC10 induced changes in membrane 

fluidity 87, 91, rhCC10-TLR4 interaction using a binding assay, and measurement of the 

effect of rhCC10 on TLR 4 signaling and expression in an air-liquid interface culture. 

 

Overall, this work provides further insight into potential mechanisms of rhCC10 activity 

and demonstrates that rhCC10 inhibits TLR 4 mediated inflammation.  Although, study 

and analysis is required, due to the common structural and signaling components in the 

TLR family, rhCC10 likely modulates other TLRs.  TLR mediated inflammation is 

important in a variety of pulmonary and non-pulmonary diseases 16, 23, 39, 63, 68, 69.  As a 

DAMP receptor, TLRs like TLR 4, amplify localized inflammation and thereby initiate 

greater cell damage and death.  As an inhibitor of TLR activity, rhCC10 is a potential 

therapeutic to combat many DAMP mediated inflammatory processes such as in acute 

respiratory distress syndrome, sepsis, and multi-organ failure 23, 38-40, 51, 68. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

Maintenance of a physiologic lung environment is necessary to prevent a host of disease 

processes.  In the preterm lung, multiple protective mechanisms are insufficient and 

thereby lead to development of respiratory distress syndrome and eventually 

bronchopulmonary dysplasia.  Surfactant treatment will biomechanically protect the 

preterm lung but it has not been shown to decrease inflammation.  Postnatal steroids are 

effective anti-inflammatory agents but they can have multiple negative side effects.  

Supplemental oxygen and ventilation, while often physiologically necessary for survival, 

potentially increase lung damage and the production of DAMP ligands in the lung. 

 

To address the potential limitations in the current standard of care of the injured preterm 

lung and to further our understanding of CC10 biology, this thesis is a significant 

addition to the research field.  In it, we have accomplished our aims as initially presented 

in a logical and stepwise manner.  First, we demonstrated that rhCC10 modulates 

inflammation in the preterm lung.  With our work in sequencing the ovine CC10 gene, 

we were able to measure the rhCC10 dose-dependent decrease in endogenous CC10 in 

the preterm lung.  We were able to determine the association between the rhCC10 

delivered to the tissue, inflammatory biomarkers, and endogenous CC10 protein.  We 

furthermore demonstrated that the preterm lung is deficient in anti-inflammatory 

protection as compared to the adult lung. 

 

Second, we analyzed the dose dependent effect of rhCC10 treatment on the toll-like 

receptor mediated signaling pathway in the preterm lung.  We demonstrated a dose 
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dependent decrease in TLR 4 activity with rhCC10 but an unexpected rhCC10 dose 

dependent increase in TLR 4 expression and protein.  It has been demonstrated that a 

similar effect on TLR function can be seen with SP-A treatment36.  We have shown here 

an rhCC10 dose-dependent increase in SP-A mRNA expression, which is in agreement 

with previous work from our group that rhCC10 increases SP-A mRNA expression and 

protein 96. 

 

Third, we investigated the effect of rhCC10 on TLR 4 pathway in an alveolar lung cell 

model.  This model offered us the ability to knockdown sPLA2 and isolate the effect of 

rhCC10 on TLR 4 signaling and expression.  W e demonstrated that rhCC10 decreased 

TLR signaling but did not increase TLR 4 expression and protein of cells treated with 

either hyperoxia or LPS. This difference in the TLR 4 expression and protein between the 

in vivo and in vitro studies could be because rhCC10 is modified in lung and not in 

culture 78.  However, another explanation could be a lack of surfactant protein in the 

culture model. We did find an increase in SP-A expression, but any effect of SP-A is 

limited due to the minimal quantity of SP-A protein produced by submerged, non-air-

liquid interface, A549 cells. 

 

This work leads to further questions and inquiries into the nature of rhCC10 and how it is 

functioning in the normal and injured lung.  We initially believed that rhCC10 decreased 

TLR signaling and increased TLR expression through an increase in SP-A.  While a 

standard in vitro system to study disease processes in the lung, submerged A549 cells 

unfortunately did not produce significant quantities of surfactant proteins.  However, 
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rhCC10 still did decrease TLR mediated inflammation due to hyperoxia and LPS 

treatment.    As such, these data suggest that the effect of rhCC10 on TLR 4 signaling is 

not necessarily linked to SP-A.   

 

While we have a greater understanding of the actions of rhCC10 treatment, we do not 

have a concrete mechanism of its action, only further clues as to how it works.  One idea 

is that rhCC10 directly interacts with TLRs.  To test this, a ligand binding assay could be 

used.  TLR 4 would be over expressed in HEK293 cells.  The transfected HEK293 cells 

and control untransfected HEK293 cells would both be plated in 96 well plates.  

Fluorescent tagged rhCC10 would then be applied to the plate.  If fluorescent tagged 

rhCC10 is not available, then unmodified rhCC10 can be used instead with an additional 

tagged anti-CC10 antibody step. After washing, fluorescence would be measured using a 

spectrophotometer plate reader.  If the over expressed cells have a higher fluorescence 

than control, then rhCC10 is directly interacting with TLR 4.  Although, potential 

protein-protein interactions of rhCC10 and TLRs could explain the effect of rhCC10 on 

TLR signaling, it does not explain the other anti-inflammatory effects of rhCC10. 

 

Another suggestion is that rhCC10 does not function through an actual receptor pathway, 

but instead associates with the cell membrane directly 6, 71.  Structurally, the CC10 

protein has a large hydrophobic pocket and that this pocket has been shown to bind to 

negatively charged heads of phospholipids in the presence of calcium.  This has been 

theorized to be the mechanism of inhibition of sPLA2 (Figure 4-1), where CC10, 

endogenous or rhCC10, will bind to membrane phospholipids and then block sPLA2 from 
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releasing archadonic acid.  Similarly, binding of CC10 to the membrane phospholipid 

could theoretically alter membrane fluidity (Figure 4-1).  Changes in phospholipid 

organization in the membrane have been previously demonstrated to modify multiple 

signaling pathways and vesichle 59, 79, 86.  To further analyze this concept, isolated 

vesicles in vitro could be treated with rhCC10 and changes in lipid fluidity measured by 

the laurden method and electron spin resonance 87, 91.  This concept could potentially 

explain the multiple anti-inflammatory effects of rhCC10.  It is also possible that this 

method of action is not independent of direct protein-protein interactions of rhCC10 and 

cell membrane receptors. 
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The translational significance of this work goes beyond the immediate impact of rhCC10 

on TLR 4 biology.  Toll-like receptors are a unique family of receptors in that, while each 

respective type of receptor recognizes a different ligand, they share multiple downstream 

pathway components7, 19, 57, 69.  Other TLRs have been implicated in pulmonary 

inflammation across a variety of lung diseases16, 17, 57, 67, 69, 89, 94.  While we did not 

investigate the effect on other members of the TLR family, it is not an unfair presumption 

to believe that rhCC10 will down regulate other TLRs. 

Figure 4-1: Unified Model of rhCC10 Action. A) CC10 associates with the polar 
head group of membrane phospholipids and thereby blocking sPLA2.  B) Binding of 
CC10 to the polar head group of membrane phospholipids modifies orientation of the 
phospholipid so as to affect membrane fluidity.  This changes the conformation of the 
membrane protein receptor so as to limit its function, such as decreasing its ability to 
recognize ligands. 
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In fact, due to the ubiquitous nature of TLRs across multiple organs systems, and their 

role in cell death and inflammation, they represent a therapeutic target for any number of 

disease, syndromes, and trauma. 



  81  

 

REFERENCE LIST 

 

 1.  Angert RM, Pilon AL, Chester D and Davis JM. CC10 reduces inflammation 
in meconium aspiration syndrome in newborn piglets. Pediatr Res 62: 
684-688, 2007. 

 2.  Antico G, Lingen MW, Sassano A, Melby J, Welch RW, Fiore S, Pilon AL 

and Miele L. Recombinant human uteroglobin/CC10 inhibits the adhesion 
and migration of primary human endothelial cells via specific and 
saturable binding to fibronectin. J Cell Physiol 207: 553-561, 2006. 

 3.  Balsinde J, Balboa MA and Dennis EA. Functional coupling between secretory 
phospholipase A2 and cyclooxygenase-2 and its regulation by cytosolic 
group IV phospholipase A2. Proc Natl Acad Sci U S A 95: 7951-7956, 
1998. 

 4.  Bancalari E, Claure N and Sosenko IR. Bronchopulmonary dysplasia: changes 
in pathogenesis, epidemiology and definition. Semin Neonatol 8: 63-71, 
2003. 

 5.  Bancalari E and del Moral T. Bronchopulmonary dysplasia and surfactant. Biol 

Neonate 80 Suppl 1: 7-13, 2001. 

 6.  Barnes HJ, Nordlund-Moller L, Nord M, Gustafsson J, Lund J and Gillner 

M. Structural basis for calcium binding by uteroglobins. J Mol Biol 256: 
392-404, 1996. 

 7.  Barton GM and Medzhitov R. Toll-like receptor signaling pathways. Science 
300: 1524-1525, 2003. 

 8.  Bernard A, Marchandise FX, Depelchin S, Lauwerys R and Sibille Y. Clara 
cell protein in serum and bronchoalveolar lavage. Eur Respir J 5: 1231-
1238, 1992. 

 9.  Bolt RJ, van Weissenbruch MM, Lafeber HN and Delemarre-van de Waal 

HA. Glucocorticoids and lung development in the fetus and preterm 
infant. Pediatr Pulmonol 32: 76-91, 2001. 



  82  

 10.  Catlin A. Extremely long hospitalizations of newborns in the United States: data, 
descriptions, dilemmas. J Perinatol 26: 742-748, 2006. 

 11.  Chandra S, Davis JM, Drexler S, Kowalewska J, Chester D, Koo HC, Pollack 

S, Welch R, Pilon A and Levine CR. Safety and efficacy of intratracheal 
recomhinant human Clara cell protein in a newhorn piglet model of acute 
lung injury. Pediatr Res 54: 509-515, 2003. 

 12.  Checchia PA, Nalysnyk L, Fernandes AW, Mahadevia PJ, Xu YX, Fahrbach 

K and Welliver RC. Mortality and morbidity among infants at high risk 
for severe respiratory syncytial virus infection receiving prophylaxis with 
palivizumab: A systematic literature review and meta-analysis. Pediatric 

Critical Care Medicine 12: 580-588, 2011. 

 13.  Chen J, Lam S, Pilon A, McWilliams A, Macaulay C and Szabo E. Higher 
levels of the anti-inflammatory protein CC10 are associated with 
improvement in bronchial dysplasia and sputum cytometric assessment in 
individuals at high risk for lung cancer. Clinical Cancer Research 14: 
1590-1597, 2008. 

 14.  Choi S, Park YS, Koga T, Treloar A and Kim KC. TNF-{alpha} is a Key 
Regulator of MUC1, an Anti-inflammatory Molecule During Airway 
Pseudomonas aeruginosa Infection. American Journal of Respiratory Cell 

and Molecular Biology 2010. 

 15.  Chuang CY, Chen TL, Cherng YG, Tai YT, Chen TG and Chen RM. 
Lipopolysaccharide induces apoptotic insults to human alveolar epithelial 
A549 cells through reactive oxygen species-mediated activation of an 
intrinsic mitochondrion-dependent pathway. Arch Toxicol 85: 209-218, 
2011. 

 16.  Chun CD, Liles WC, Frevert CW, Glenny RW and Altemeier WA. 
Mechanical ventilation modulates Toll-like receptor-3-induced lung 
inflammation via a MyD88-dependent, TLR4-independent pathway: a 
controlled animal study. BMC Pulm Med 10: 57, 2010. 

 17.  Ciencewicki J, Brighton L, Wu WD, Madden M and Jaspers I. Diesel exhaust 
enhances virus- and poly(I:C)-induced Toll-like receptor 3 expression and 
signaling in respiratory epithelial cells. American Journal of Physiology-

Lung Cellular and Molecular Physiology 290: L1154-L1163, 2006. 



  83  

 18.  Collaco JM. Environmental Modifiers of Chronic Lung Disease of Prematurity 
During Infancy. Pediatric Allergy Immunology and Pulmonology 24: 33-
37, 2011. 

 19.  Colonna M. TLR pathways and IFN-regulatory factors: to each its own. 
European Journal of Immunology 37: 306-309, 2007. 

 20.  Couper KN, Blount DG and Riley EM. IL-10: the master regulator of immunity 
to infection. J Immunol 180: 5771-5777, 2008. 

 21.  Cushion MT and Walzer PD. Growth and serial passage of Pneumocystis carinii 
in the A549 cell line. Infection and Immunity 44: 245-251, 1984. 

 22.  Dani C, Barp J, Berti E and Bertini G. Surfactant in the preterm infant: what's 
going on. Journal of Maternal-Fetal & Neonatal Medicine 22: 3-5, 2009. 

 23.  Deng Y, Yang Z, Gao Y, Xu H, Zheng B, Jiang M, Xu J, He Z and Wang X. 
Toll-like receptor 4 mediates acute lung injury induced by high mobility 
group box-1. PLoS One 8: e64375, 2013. 

 24.  Diamond G, Legarda D and Ryan LK. The innate immune response of the 
respiratory epithelium. Immunol Rev 173: 27-38, 2000. 

 25.  Edelson JD, Vadas P, Villar J, Mullen JB and Pruzanski W. Acute lung injury 
induced by phospholipase A2. Structural and functional changes. Am Rev 

Respir Dis 143: 1102-1109, 1991. 

 26.  Farstad T, Bratlid D, Medbo S and Markestad T. Bronchopulmonary 
dysplasia - prevalence, severity and predictive factors in a national cohort 
of extremely premature infants. Acta Paediatrica 100: 53-58, 2011. 

 27.  Filippone M and Baraldi E. On Early Life Risk Factors for COPD. American 

Journal of Respiratory and Critical Care Medicine 183: 415-416, 2011. 

 28.  Finney SJ, Leaver SK, Evans TW and Burke-Gaffney A. Differences in 
lipopolysaccharide- and lipoteichoic acid-induced cytokine/chemokine 
expression. Intensive Care Med 38: 324-332, 2012. 



  84  

 29.  Fiona C.Broackes-Carter, Nathalie Mouchel, Deborah Gill, Stephen Hyde, 

John Bassett and Ann Harris. Temporal regulation of CFTR expression 
during ovine lung development: implications for CF gene therapy. Hum 

Genet 11: 125-131, 2001. 

 30.  Gao PS, Mao XQ, Kawai M, Enomoto T, Sasaki S, Tanabe O, Yoshimura K, 

Shaldon SR, Dake Y, Kitano H, Coull P, Shirakawa T and Hopkin 

JM. Negative association between asthma and variants of CC16(CC10) on 
chromosome 11q13 in British and Japanese populations. Human Genetics 
103: 57-59, 1998. 

 31.  Giard DJ, Aaronson SA, Todaro GJ, Arnstein P, Kersey JH, Dosik H and 

Parks WP. In vitro cultivation of human tumors: establishment of cell 
lines derived from a series of solid tumors. Journal of the National Cancer 

Institute 51: 1417-1423, 1973. 

 32.  Goldsmith LS, Greenspan JS, Rubenstein SD, Wolfson MR and Shaffer TH. 
Immediate improvement in lung volume after exogenous surfactant: 
alveolar recruitment versus increased distention. J Pediatr 119: 424-428, 
1991. 

 33.  Greenough A, Alexander J, Boorman J, Chetcuti PAJ, Cliff I, Lenney W, 

Morgan C, Shaw NJ, Sylvester KP and Turner J. Respiratory 
morbidity, healthcare utilisation and cost of care at school age related to 
home oxygen status. European Journal of Pediatrics 170: 969-975, 2011. 

 34.  Han JZ, Li C, Liu HJ, Fen DD, Hu WX, Liu Y, Guan CX and Luo ZQ. 
Inhibition of lipopolysaccharide-mediated rat alveolar macrophage 
activation in vitro by antiflammin-1. Cell Biol Int 32: 1108-1115, 2008. 

 35.  Hay JG, Danel C, Chu CS and Crystal RG. Human CC10 gene expression in 
airway epithelium and subchromosomal locus suggest linkage to airway 
disease. American Journal of Physiology 268: L565-L575, 1995. 

 36.  Henning LN, Azad AK, Parsa KV, Crowther JE, Tridandapani S and 

Schlesinger LS. Pulmonary surfactant protein A regulates TLR 
expression and activity in human macrophages. Journal of Immunology 
180: 7847-7858, 2008. 

 37.  Jobe AH. The new bronchopulmonary dysplasia. Curr Opin Pediatr 23: 167-172, 
2011. 



  85  

 38.  Johnson GB, Brunn GJ and Platt JL. Activation of mammalian Toll-like 
receptors by endogenous agonists. Crit Rev Immunol 23: 15-44, 2003. 

 39.  Johnson GB, Brunn GJ and Platt JL. Cutting edge: an endogenous pathway to 
systemic inflammatory response syndrome (SIRS)-like reactions through 
Toll-like receptor 4. J Immunol 172: 20-24, 2004. 

 40.  Johnson GB, Brunn GJ, Tang AH and Platt JL. Evolutionary clues to the 
functions of the Toll-like family as surveillance receptors. Trends 

Immunol 24: 19-24, 2003. 

 41.  Katavolos P, Ackerley CA, Clark ME and Bienzle D. Clara cell secretory 
protein increases phagocytic and decreases oxidative activity of 
neutrophils. Vet Immunol Immunop 139: 1-9, 2011. 

 42.  Kato K, Lillehoj EP, Park YS, Umehara T, Hoffman NE, Madesh M and 

Kim KC. Membrane-tethered MUC1 mucin is phosphorylated by 
epidermal growth factor receptor in airway epithelial cells and associates 
with TLR5 to inhibit recruitment of MyD88. Journal of Immunology 188: 
2014-2022, 2012. 

 43.  Kato K, Lu W, Kai H and Kim KC. Phosphoinositide 3-kinase is activated by 
MUC1 but not responsible for MUC1-induced suppression of Toll-like 
receptor 5 signaling. American Journal of Physiology-Lung Cellular and 

Molecular Physiology 293: L686-L692, 2007. 

 44.  Kim KC and Lillehoj EP. MUC1 mucin: a peacemaker in the lung. American 

Journal of Respiratory Cell and Molecular Biology 39: 644-647, 2008. 

 45.  Koga T, Kuwahara I, Lillehoj EP, Lu W, Miyata T, Isohama Y and Kim KC. 
TNF-alpha induces MUC1 gene transcription in lung epithelial cells: its 
signaling pathway and biological implication. American Journal of 

Physiology-Lung Cellular and Molecular Physiology 293: L693-L701, 
2007. 

 46.  Koide S and Steinman RM. Induction of murine interleukin 1: stimuli and 
responsive primary cells. Proc Natl Acad Sci U S A 84: 3802-3806, 1987. 



  86  

 47.  Levin SW, Butler JD, Schumacher UK, Wightman PD and Mukherjee AB. 
Uteroglobin - A New Phospholipase-A2 Inhibitor. Pediatr Res 20: A191, 
1986. 

 48.  Levin SW, Butler JD, Schumacher UK, Wightman PD and Mukherjee AB. 
Uteroglobin inhibits phospholipase A2 activity. Life Sci 38: 1813-1819, 
1986. 

 49.  Levin SW, Manjunath R, Fujita R, Kumaroo KK, Butler JD, Donlon JA and 

Mukherjee AB. Inhibition of Thrombin Mediated Platelet-Aggregation by 
Uteroglobin. Pediatr Res 19: A158, 1985. 

 50.  Levine CR, Gewolb IH, Allen K, Welch RW, Melby JM, Pollack S, Shaffer T, 

Pilon AL and Davis JM. The safety, pharmacokinetics, and anti-
inflammatory effects of intratracheal recombinant human Clara cell 
protein in premature infants with respiratory distress syndrome. Pediatr 

Res 58: 15-21, 2005. 

 51.  Levy RM, Mollen KP, Prince JM, Kaczorowski DJ, Vallabhaneni R, Liu S, 

Tracey KJ, Lotze MT, Hackam DJ, Fink MP, Vodovotz Y and Billiar 

TR. Systemic inflammation and remote organ injury following trauma 
require HMGB1. Am J Physiol Regul Integr Comp Physiol 293: R1538-
R1544, 2007. 

 52.  Lillehoj EP, Kim H, Chun EY and Kim KC. Pseudomonas aeruginosa 
stimulates phosphorylation of the airway epithelial membrane 
glycoprotein Muc1 and activates MAP kinase. American Journal of 

Physiology-Lung Cellular and Molecular Physiology 287: L809-L815, 
2004. 

 53.  Linnoila RI, Szabo E, DeMayo F, Witschi H, Sabourin C and Malkinson A. 
The role of CC10 in pulmonary carcinogenesis: from a marker to tumor 
suppression. Annals of the New York Academy of Sciences 923: 249-267, 
2000. 

 54.  Lista G, Castoldi F, Fontana P, Reali R, Reggiani A, Bianchi S and 

Compagnoni G. Lung inflammation in preterm infants with respiratory 
distress syndrome: effects of ventilation with different tidal volumes. 
Pediatr Pulmonol 41: 357-363, 2006. 



  87  

 55.  Loughran-Fowlds A, Oei J, Wang H, Xu H, Wimalasundera N, Egan C, 

Henry R and Lui K. The influence of gestation and mechanical 
ventilation on serum clara cell secretory protein (CC10) concentrations in 
ventilated and nonventilated newborn infants. Pediatr Res 60: 103-108, 
2006. 

 56.  Lu XA, Wang N, Long XB, You XJ, Cui YH and Liu Z. The cytokine-driven 
regulation of secretoglobins in normal human upper airway and their 
expression, particularly that of uteroglobin-related protein 1, in chronic 
rhinosinusitis. Respir Res 12: 2011. 

 57.  MacRedmond R, Greene C, Taggart CC, McElvaney N and O'Neill S. 
Respiratory epithelial cells require Toll-like receptor 4 for induction of 
human beta-defensin 2 by lipopolysaccharide. Respiratory Research 6: 
116, 2005. 

 58.  Magdaleno SM, Wang GY, Jackson KJ, Ray MK, Welty S, Costa RH and 

Demayo FJ. Interferon-gamma regulation of Clara cell gene expression: 
In vivo and in vitro. Am J Physiol Lung Cell Mol Physiol 272: L1142-
L1151, 1997. 

 59.  Mandrekar P, Dolganiuc A, Bellerose G, Kodys K, Romics L, Nizamani R 

and Szabo G. Acute alcohol inhibits the induction of nuclear regulatory 
factor kappa B activation through CD14/toll-like receptor 4, interleukin-1, 
and tumor necrosis factor receptors: a common mechanism independent of 
inhibitory kappa B alpha degradation? Alcohol Clin Exp Res 26: 1609-
1614, 2002. 

 60.  Mantile G, Miele L, Cordella-Miele E, Singh G, Katyal SL and Mukherjee 

AB. Human Clara cell 10-kDa protein is the counterpart of rabbit 
uteroglobin. J Biol Chem 268: 20343-20351, 1993. 

 61.  McGrath-Morrow S. The Transition from Bronchopulmonary Dysplasia to 
Childhood Chronic Lung Disease. Pediatric Allergy Immunology and 

Pulmonology 24: 27-32, 2011. 

 62.  McIntire DDPLKJM. Neonatal Mortality and Morbidity Rates in Late Preterm 
Births Compared With Births at Term. Am J Obstet Gynecol 11: 35-41, 
2008. 



  88  

 63.  Melkamu T, Squillace D, Kita H and O'Grady SM. Regulation of TLR2 
expression and function in human airway epithelial cells. The Journal of 

Membrane Biology 229: 101-113, 2009. 

 64.  Merrill JD, Ballard PL, Courtney SE, Durand DJ, Hamvas A, Hibbs AM, Lu 

KW, Ryan RM, Reynolds AM, Spence K, Steinhorn RH, Truog WE, 

Eichenwald EC and Ballard RA. Pilot trial of late booster doses of 
surfactant for ventilated premature infants. Journal of Perinatology 31: 
599-606, 2011. 

 65.  Miller TL, Shashikant BN, Pilon AL, Pierce RA, Shaffer TH and Wolfson 

MR. Effects of an intratracheally delivered anti-inflammatory protein 
(rhCC10) on physiological and lung structural indices in a juvenile model 
of acute lung injury. Biol Neonate 89: 159-170, 2006. 

 66.  Miller TL, Shashikant BN, Pilon AL, Pierce RA, Shaffer TH and Wolfson 

MR. Effects of recombinant Clara cell secretory protein (rhCC10) on 
inflammatory-related matrix metalloproteinase activity in a preterm lamb 
model of neonatal respiratory distress. Pediatr Crit Care Med 8: 40-46, 
2007. 

 67.  Monick MM, Yarovinsky TO, Powers LS, Butler NS, Carter AB, 

Gudmundsson G and Hunninghake GW. Respiratory syncytial virus 
up-regulates TLR4 and sensitizes airway epithelial cells to endotoxin. The 

Journal of Biological Chemistry 278: 53035-53044, 2003. 

 68.  Murphy TJ, Paterson HM, Mannick JA and Lederer JA. Injury, sepsis, and 
the regulation of Toll-like receptor responses. J Leukoc Biol 75: 400-407, 
2004. 

 69.  Murray LA, Knight DA, McAlonan L, Argentieri R, Joshi A, Shaheen F, 

Cunningham M, Alexopolou L, Flavell RA, Sarisky RT and 

Hogaboam CM. Deleterious role of TLR3 during hyperoxia-induced 
acute lung injury. American Journal of Respiratory and Critical Care 

Medicine 178: 1227-1237, 2008. 

 70.  Muzio M, Bosisio D, Polentarutti N, D'amico G, Stoppacciaro A, Mancinelli 

R, van't Veer C, Penton-Rol G, Ruco LP, Allavena P and Mantovani 

A. Differential expression and regulation of toll-like receptors (TLR) in 
human leukocytes: selective expression of TLR3 in dendritic cells. J 

Immunol 164: 5998-6004, 2000. 



  89  

 71.  Nord M, Gustafsson JA and Lund J. Calcium-dependent binding of uteroglobin 
(PCB-BP/CCSP) to negatively charged phospholipid liposomes. FEBS 

Lett 374: 403-406, 1995. 

 72.  Nosratabadi AR, Ljungman AG, Lindahl M, Welch R, Pilon A and Tagesson 

C. Clara cell 10-kDa protein inhibits endotoxin-induced airway 
contraction in isolated perfused rat lungs. Experimental Lung Research 29: 
455-473, 2003. 

 73.  Pattabiraman N, Matthews JH, Ward KB, Mantile-Selvaggi G, Miele L and 

Mukherjee AB. Crystal structure analysis of recombinant human 
uteroglobin and molecular modeling of ligand binding. Ann N Y Acad Sci 
923: 113-127, 2000. 

 74.  Pilette C, Godding V, Kiss R, Delos M, Verbeken E, Decaestecker C, De 

Paepe K, Vaerman JP, Decramer M and Sibille Y. Reduced epithelial 
expression of secretory component in small airways correlates with 
airflow obstruction in chronic obstructive pulmonary disease. American 

Journal of Respiratory and Critical Care Medicine 163: 185-194, 2001. 

 75.  Pilon AL. Rationale for the development of recombinant human CC10 as a 
therapeutic for inflammatory and fibrotic disease. Ann N Y Acad Sci 923: 
280-299, 2000. 

 76.  Polani B., Miller TL, Chidekel A and Shaffer TH. Clara cell protein mediates 
secretion of proteins, IL-8 and IL-6 in human  

airway epithelial cell line Calu-3 exposed to hyperoxia. Journal of Chemical and 

Pharmaceutical Research 4: 3164-3170, 2012. 

 77.  Ramsay PL, Demayo FJ, Hegemier SE, Wearden ME, Smith CV and Welty 

SE. Clara cell secretory protein oxidation and expression in premature 
infants who develop bronchopulmonary dysplasia. Am J Respir Crit Care 

Med 164: 155-161, 2001. 

 78.  Ramsay PL, Demayo FJ, Hegemier SE, Wearden ME, Smith CV and Welty 

SE. Clara cell secretory protein oxidation and expression in premature 
infants who develop bronchopulmonary dysplasia. Am J Respir Crit Care 

Med 164: 155-161, 2001. 

 79.  Schrofelbauer B, Raffetseder J, Hauner M, Wolkerstorfer A, Ernst W and 

Szolar OH. Glycyrrhizin, the main active compound in liquorice, 



  90  

attenuates pro-inflammatory responses by interfering with membrane-
dependent receptor signalling. Biochem J 421: 473-482, 2009. 

 80.  Seong SY and Matzinger P. Hydrophobicity: an ancient damage-associated 
molecular pattern that initiates innate immune responses. Nat Rev 

Immunol 4: 469-478, 2004. 

 81.  Shannon JM, Emrie PA, Fisher JH, Kuroki Y, Jennings SD and Mason RJ. 
Effect of a reconstituted basement membrane on expression of surfactant 
apoproteins in cultured adult rat alveolar type II cells. Am J Respir Cell 

Mol Biol 2: 183-192, 1990. 

 82.  Shannon JM, Jennings SD and Nielsen LD. Modulation of alveolar type II cell 
differentiated function in vitro. Am J Physiol 262: L427-L436, 1992. 

 83.  Shashikant BN, Miller TL, Welch RW, Pilon AL, Shaffer TH and Wolfson 

MR. Dose response to rhCC10-augmented surfactant therapy in a lamb 
model of infant respiratory distress syndrome: physiological, 
inflammatory, and kinetic profiles. J Appl Physiol 99: 2204-2211, 2005. 

 84.  Shijubo N, Itoh Y, Yamaguchi T, Shibuya Y, Morita Y, Hirasawa M, 

Okutani R, Kawai T and Abe S. Serum and BAL Clara cell 10 kDa 
protein (CC10) levels and CC10-positive bronchiolar cells are decreased 
in smokers. Eur Respir J 10: 1108-1114, 1997. 

 85.  Singh G, Katyal SL, Brown WE, Kennedy AL, Singh U and Wongchong ML. 
Clara Cell 10 Kda Protein (Cc10) - Comparison of Structure and Function 
to Uteroglobin. Biochimica et Biophysica Acta 1039: 348-355, 1990. 

 86.  Szabo G, Dolganiuc A, Dai Q and Pruett SB. TLR4, ethanol, and lipid rafts: a 
new mechanism of ethanol action with implications for other receptor-
mediated effects. J Immunol 178: 1243-1249, 2007. 

 87.  T.G.Parasassi and E.Gratton. Membrane lipid domains and dynamics as 
detected by Laurdan fluorescence. J Fluoresc 5: 59-69, 1995. 

 88.  Tibboel D and Jobe AH. Update in Pediatric Lung Disease 2009. American 

Journal of Respiratory and Critical Care Medicine 181: 661-665, 2010. 



  91  

 89.  Tissari J, Siren J, Meri S, Julkunen I and Matikainen S. IFN-alpha enhances 
TLR3-mediated antiviral cytokine expression in human endothelial and 
epithelial cells by up-regulating TLR3 expression. Journal of Immunology 
174: 4289-4294, 2005. 

 90.  Ueno K, Koga T, Kato K, Golenbock DT, Gendler SJ, Kai H and Kim KC. 
MUC1 mucin is a negative regulator of toll-like receptor signaling. 
American Journal of Respiratory Cell and Molecular Biology 38: 263-
268, 2008. 

 91.  Venegas B, Wolfson MR, Cooke PH and Chong PL. High vapor pressure 
perfluorocarbons cause vesicle fusion and changes in membrane packing. 
Biophys J 95: 4737-4747, 2008. 

 92.  Wang H, Lillehoj EP and Kim KC. Identification of four sites of stimulated 
tyrosine phosphorylation in the MUC1 cytoplasmic tail. Biochemical and 

Biophysical Research Communications 310: 341-346, 2003. 

 93.  Wang H, Lillehoj EP and Kim KC. MUC1 tyrosine phosphorylation activates 
the extracellular signal-regulated kinase. Biochemical and Biophysical 

Research Communications 321: 448-454, 2004. 

 94.  Wassef A, Janardhan K, Pearce JW and Singh B. Toll-like receptor 4 in 
normal and inflamed lungs and other organs of pig, dog and cattle. 
Histolology and Histopathology 19: 1201-1208, 2004. 

 95.  Watterberg KL, Gerdes JS, Gifford KL and Lin HM. Prophylaxis against 
early adrenal insufficiency to prevent chronic lung disease in premature 
infants. Pediatrics 104: 1258-1263, 1999. 

 96.  Wolfson MR, Funanage VL, Kirwin SM, Pilon AL, Shashikant BN, Miller 

TL and Shaffer TH. Recombinant human Clara cell secretory protein 
treatment increases lung mRNA expression of surfactant proteins and 
vascular endothelial growth factor in a premature lamb model of 
respiratory distress syndrome. Am J Perinatol 25: 637-645, 2008. 

 97.  Yao XL, Ikezono T, Cowan M, Logun C, Angus CW and Shelhamer JH. 
Interferon-gamma stimulates human Clara cell secretory protein 
production by human airway epithelial cells. Am J Physiol 274: L864-
L869, 1998. 



  92  

 98.  Yoshikawa S, Miyahara T, Reynolds SD, Stripp BR, Anghelescu M, Eyal FG 

and Parker JC. Clara cell secretory protein and phospholipase A2 
activity modulate acute ventilator-induced lung injury in mice. J Appl 

Physiol (1985 ) 98: 1264-1271, 2005. 

 99.  Zhang H, He B and Wang X. [The changes of Clara cell in the distal conducting 
airways of patients with COPD]. Zhonghua Jie He He Hu Xi Za Zhi 24: 
524-526, 2001. 

 
 


