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Abstract

Background: Chronic rhinosinusitis (CRS) is a disease characterized by inflamma-

tion of the nasal mucosa and paranasal sinuses. This inflammation may result in

part from decreased epithelial barrier and innate immune responses, leading to

frequent bacterial and fungal colonization. The objectives of this study were to

investigate the expression of innate immune proteins of the palate lung and nasal

epithelium clone (PLUNC) family in patients with CRS.

Methods: Nasal tissue samples were collected from control subjects and CRS

patients with and without nasal polyps. Expression of the members of the

PLUNC family was analyzed by real-time PCR. Expression of SPLUNC1 and

LPLUNC2 proteins was analyzed by ELISA, immunoblot, and immunohisto-

chemical analysis.

Results: Levels of mRNA for most of the members of the PLUNC family were

profoundly reduced in nasal polyps (NPs) compared to uncinate tissue from con-

trol subjects or patients with CRS. LPLUNC2 and SPLUNC1 proteins were

decreased in NPs of patients with CRS compared to uncinate tissue from control

subjects. Immunohistochemical data revealed that within submucosal glands of

sinonasal tissues, SPLUNC1 and LPLUNC2 were differentially expressed, in ser-

ous and mucous cells, respectively. The decrease in the expression of these mole-

cules is probably explained by a decrease in the number of glands in NPs as

revealed by correlations with levels of the glandular marker lactoferrin.

Conclusions: Decreased SPLUNC1 and LPLUNC2 in NPs reflect a profound

decrease in the number of submucosal glands. Decreased glands may lead to a local-

ized defect in the production and release of glandular innate defense molecules.

Chronic rhinosinusitis (CRS) is one of the most highly preva-

lent chronic diseases. CRS afflicts up to 14 percent of Ameri-

cans, resulting in an expenditure of over 4.3 billion dollars

and 200 000 sinus surgeries annually (1–3). In Europe, a mul-

ticentre study involving 12 countries (GA2LEN) found the

overall prevalence of CRS (by EP3OS criteria) to be 10.9%

(4). CRS is characterized by chronic mucosal inflammation

of the nose and paranasal sinuses confirmed by nasal endos-

copy or sinus CT scan (5). This condition can be further sub-

divided into 2 entities: CRS with nasal polyps (CRSwNP)

and CRS without nasal polyps (CRSsNP).

The pathogenesis of CRS is thought to reflect a complex

interplay between host factors, consisting of the innate and

adaptive immune responses, and environmental factors,
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including fungal or bacterial colonization, biofilms, presence

of superantigens, osteitis, and allergen exposure (6). Epithe-

lium plays a role beyond providing a physical barrier as a

source of constitutive and induced antimicrobial factors. We

have proposed that dysregulation of defense pathways results

in a defective response to environmental triggers, thus con-

tributing to the pathogenesis of CRS (7, 8).

Short, palate, lung, and nasal epithelial clone 1(SPLUNC1)

is a member of the PLUNC family of proteins, which are struc-

tural homologues of the lipopolysaccharide (LPS) binding

innate defense proteins lipopolysaccharide binding protein

(LBP) and bactericidal/permeability-increasing protein (BPI)

(9, 10). SPLUNC1 is expressed in the epithelium and submu-

cosa of the nasopharynx and is secreted into the nasal cavity, as

evidenced by the high concentrations detected in nasal lavage

fluid (9, 11–13). Functional studies have revealed that SPL-

UNC1 can bind to the lipid A portion of LPS and inhibit the

growth of Pseudomonas aeruginosa andMycoplasma pneumonia

(Mp) and presumably other gram negative organisms (14–18).
Moreover, SPLUNC1 has been shown to suppress inflamma-

tion, and conversely, inflammatory cytokines also reduce SPL-

UNC1 expression and Mp clearance (16, 19). Recent evidence

has elucidated a role of SPLUNC1 as an extracellular inhibitor

of epithelial Na Channel (ENaC) activity, thus altering airway

hydration and increasing mucous clearance (20). The hydro-

phobicity of SPLUNC1 allows it to act as a surfactant, capable

of dispersing matrix encased-biofilms of P. aeruginosa in vitro

(21). Thus, SPLUNC1 has immunoregulatory, antimicrobial,

and surfactant properties that make it an important molecule

in the lining fluid of the nasal cavity.

In this study, we tested the PLUNC family of proteins for

impairment in CRS. Despite the obvious importance of this

family of molecules in the nasal mucosa, this represents the

first comprehensive evaluation of the family in the nose and

sinuses. After an initial screen of mRNA levels of PLUNC

family proteins in disease and normal tissue, we focused on

the two most highly expressed and/or decreased, SPLUNC1

and LPLUNC2, to elucidate their role in CRS.

Methods

Patients and specimens

Patients with CRS were recruited from the clinics at North-

western University using protocols that were approved by the

Institutional Review Board of Northwestern University, and

all subjects gave informed consent. Patients were diagnosed

with CRS using task force guidelines (6, 22). Nasal tissues

were obtained from defined anatomical site (uncinate and

nasal polyps) by functional endoscopic sinus surgery from

patients with CRS who failed conservative medical therapy

(saline irrigations, decongestants, prolonged treatments with

antibiotic and/or steroids). Some patients had been on ste-

roids within 2 weeks of surgery. Normal control nasal tissues

were similarly obtained from patients who underwent skull-

based tumor excision. Control patients did not have any

history of upper airway inflammatory diseases. Subjects with

fungal sinusitis, established immunodeficiency, Churg-Strauss

syndrome, or cystic fibrosis were excluded from the

study. Characteristics of the study population are shown in

Table 1.

Microarray and real-time PCR

A comprehensive microarray analysis was performed as

described previously, and gene expression was measured with

GeneChip Human U133 Plus 2.0 probe arrays (Affymetrix,

Santa Clara, CA, USA) (23). Detailed protocols for micro-

array and real-time PCR are provided in the supporting infor-

mation. All microarray data have been deposited to gene

expression omnibus: GSE36830.

ELISA and immunoblots

A SPLUNC1 sandwich ELISA was developed in our labora-

tory with anti-SPLUNC1 antibodies (R&D Systems, Minne-

apolis, MN, USA). A lactoferrin ELISA was purchased from

Oxis International Inc (Foster City, CA, USA). As there was

no commercially available ELISA for LPLUNC2, we used

immunoblot analysis to detect LPLUNC2 (Proteintech, IL,

USA). Detailed procedures are provided in the supporting

information.

Collection and extraction of proteins from sinus tissue and

nasal lavage fluids (NLF)

Nasal lavage fluids and sinonasal tissue proteins were col-

lected and extracted as described previously (24). Detailed

procedures are provided in the supporting information.

Immunohistochemistry

The basic protocol for immunohistochemistry has been

described previously (24). Detailed procedures are in the sup-

porting information.

Statistical analysis

All data are presented as mean ± SEM. Comparisons were

made using a Mann–Whitney U-test. Correlations were

assessed by Spearman Rank correlation. All statistical analyses

were performed using GraphPad prism 5.0 software. A P value

of less that 0.05 was considered statistically significant.

Results

Screen of the PLUNC family in sinonasal tissues: decreased

levels in nasal polyps

We performed a microarray analysis to compare global gene

expression in uncinate tissue from control, CRSsNP,

CRSwNP patients and polyp tissue from CRSwNP patients.

We observed that mRNA levels of the PLUNC family were

differentially expressed in various regions of sinonasal

mucosa. We also found that the expression of some of these

proteins was decreased in polyps of patients with CRSwNP
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(Fig. S1). We confirmed decreased expression of these

proteins using real-time PCR (Fig. 1). Expression of mRNA

for SPLUNC1, LPLUNC1, LPLUNC2, LPLUNC6, and BPI

was significantly reduced in the polyps of patients with

CRSwNP compared to uncinates of either control subjects or

patients with CRS (P < 0.05, n = 10–11). Surprisingly, we

found no differences in the expression of most of these mole-

cules when comparing only uncinates of control subjects and

patients with CRS, with the exception of BPI (P = 0.05) and

LPLUNC4 (P < 0.05), indicating a possible global decrease

in these two molecules in patients with CRS. As SPLUNC1

and LPLUNC2 were the most highly decreased in polyps of

patients with CRSwNP, we decided to confirm the decrease

in their expression at the protein level.

Decreased protein expression of SPLUNC1 and LPLUNC2

in polyps of patients with CRSwNP

To confirm the mRNA findings, we analyzed the expression

of SPLUNC1 protein by ELISA in extracts of 39 sinonasal

tissues from control, CRSsNP, and CRSwNP patients. We

detected substantial expression of SPLUNC1, but there was

no difference in the expression of SPLUNC1 protein in

uncinates of normal controls and patients with CRS, sup-

porting our mRNA data. Importantly, we found a 90%

reduction in the expression of SPLUNC1 protein in nasal

polyps of patients with CRSwNP compared to normal con-

trol uncinate tissue (Fig. 2A, P < 0.05, n = 9–10). We used

immunoblot analysis to analyze the expression of LPL-

UNC2 in 25 sinonasal tissues from control, CRSsNP, and

CRSwNP patients. As observed for SPLUNC1, we did not

find any difference in the expression of LPLUNC2 among

the various uncinate tissues. However, we found polyps to

have a significant decrease in the level of expression of

LPLUNC2 protein compared to control uncinate tissue,

supporting our mRNA data (Fig. 2B,C, P < 0.05, n � 5).

Since western blot assays are semi quantitative, future stu-

dies require development of specific ELISAs for quantifying

LPLUNC2. These data collectively indicate that polyps of

patients with CRSwNP have profoundly decreased expression

Table 1 Subjects’ characteristics

Control CRSsNP CRSwNP

Total no. of subjects 48 (25 M) 59(27 M) 81 (59 M)

Age (year), median (range) 43 (16–77) 38(18–64) 41(22–74)

Y N U Y N U Y N U

Atopy 3 44 1 30 23 6 45 26 10

Asthma 0 47 1 11 44 4 38 43 0

PCR Uncinate Uncinate Uncinate Polyp

No. of subjects 10 (3 M) 11 (6 M) 11 (9 M) 10 (7 M)

Age (year), median (range) 42 (16–62) 34 (23–64) 39 (27–61) 48.5 (28–74)

SPLUNC1 (PLUNC)

ELISA-Lavage

No. of subjects 18 (9 M) 18 (6 M) 15 (11 M)

Age (year), median (range) 33 (17–63) 38 (28–60) 44 (30–70)

ELISA-Extracts

No. of subjects 10 (4 M) 9 (1 M) 10 (7 M) 10 (7 M)

Age (year), median (range) 52.5 (16–72) 36 (28–62) 40 (22–74) 41 (26–74)

IHC

No. of subjects 10 (3 M) 9 (5 M) 9 (8 M) 10 (7 M)

Age (year), median (range) 54 (25–77) 27 (21–50) 35 (29–53) 35.5 (22–63)

LPLUNC2 (BPIL-1)

IB-Lavage

No. of subjects 10 (6 M) 10 (4 M) 6 (5 M)

Age (year), median (range) 33 (21–44) 38.5 (28–60) 52.5 (33–68)

IB-Extracts

No. of subjects 6 (1 M) 7 (3 M) 5 (3 M) 7 (7 M)

Age (year), median (range) 48.5 (16–63) 49 (18–63) 41 (34–52) 42 (32–74)

IHC

No. of subjects 9 (6 M) 10 (6 M) 8 (6 M) 7 (6 M)

Age (year), median (range) 58 (19–64) 34 (21–54) 54 (34–72) 50 (27–72)

Lactoferrin

ELISA-Extracts

No. of subjects 7 (5 M) 12 (5 M) 10 (6 M) 11 (8 M)

Age (year), median (range) 45 (19–62) 36 (21–62) 40 (30–68) 40 (26–64)

M, male; Y, yes; U, unknown; IHC, immunohistochemistry; IB, immunoblot.
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of SPLUNC1 and LPLUNC2 compared to control uncinate

tissue.

Immunohistochemical analysis indicates that SPLUNC1 and

LPLUNC2 are differentially expressed in submucosal gland

cell types and epithelium of sinonasal tissues

We performed immunohistochemistry to determine the locali-

zation of SPLUNC1 and LPLUNC2 in sinonasal tissues. We

compared the expression of SPLUNC1 and LPLUNC2 in

uncinates of controls, CRSsNP, CRSwNP patients and in

polyps of CRSwNP patients. Our staining was specific, as we

did not observe any staining with an IgG control (Fig. 2D,H

inset). Both SPLUNC1 and LPLUNC2 were highly expressed

in the submucosal glands and moderately expressed in the

respiratory epithelial cells of the normal uncinate tissues. We

found no differences in the intensity of glandular and epithe-

lial SPLUNC1 staining in polyps of patients with CRSwNP

compared to uncinate tissues of control subjects or patients

with CRS (Fig. 2D–G and Fig. S2, Top). In contrast, glan-

dular staining intensity of LPLUNC2 was slightly reduced in

polyps of patients with CRSwNP compared to control unci-

nates (P = 0.06, Fig. 2H–K and Fig. S2, Bottom). These

observations indicate that submucosal glands may be the

major source of both SPLUNC1 and LPLUNC2 in sinonasal

tissues.

To explore the cellular localization of SPLUNC1 and

LPLUNC2 within the submucosal glands, we used both

immunohistochemical analysis and AB/PAS staining in serial

sections of control uncinate tissues. AB/PAS staining, which

stains neutral and acidic mucins, indicated that both mucous

and serous cells were found within the glands of the sinona-

sal tissues (Fig. 3B,E). SPLUNC1 staining was observed in

regions with minimal or no AB/PAS staining, suggesting that

SPLUNC1 is mainly produced by the serous cells of the

submucosal glands (Fig. 3C,F). In contrast to SPLUNC1

staining, LPLUNC2 staining was restricted to regions that

stained with AB/PAS, indicating that LPLUNC2 is contained

mainly within the mucous cells of the submucosal glands

(Fig. 3A,D). This indicates that SPLUNC1 and LPLUNC2

are produced by different cells lining the submucosal glands.

Of note, we analyzed the expression of SPLUNC1 and LPL-

UNC2 in NLF of control subjects and patients with CRSsNP

and CRSwNP by ELISA and immunoblotting, respectively.

However, we did not observe any differences in the levels of

SPLUNC1 or LPLUNC2 in NLF of patients with CRS com-

pared to control (Fig. S3). Thus, from these observations, we

conclude that the suppression of levels of SPLUNC1 and

LPLUNC2 in patients with CRS is restricted to the nasal

polyp itself and not global within the sinonasal cavity.

Decrease in the number of glands explains reduced

SPLUNC1 and LPLUNC2 expression in polyps

We tested whether reduced expression of SPLUNC1 and

LPLUNC2 may be due to a decrease in the number of glands

in polyps. We stained tissues with AB/PAS and determined

the number and morphology of glands. Nasal polyps from

patients with CRSwNP had an 81% decrease in the number

of glands compared to control uncinates (Fig. 4A–C). We

also observed that polyps had glands that appeared to be

stretched and elongated.

Figure 1 Evaluation of mRNA expression of the BPI-PLUNC family

of proteins in sinonasal tissues. Total RNA was extracted from un-

cinates of control subjects and patients with CRSsNP or CRSwNP,

and polyps of patients with CRSwNP. Expression of mRNA was

analyzed by real-time PCR. Expression was normalized to the med-

ian value of b-glucuronidase and expressed as copies/ng of total

RNA. *P < 0.05, **P < 0.01, ***P < 0.001.

Allergy 67 (2012) 920–928 © 2012 John Wiley & Sons A/S 923
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Expression of lactoferrin, a serous cell marker, is decreased

in polyps of patients with CRS

To confirm the decreased number of glands in polyps, we

analyzed the expression of a glandular marker lactoferrin,

which is mainly produced by the serous cells of the

submucosal glands (25). In support of our findings with SPL-

UNC1, we found reduced levels of mRNA for lactoferrin

(Fig. 4D) in nasal polyps of patients with CRSwNP com-

pared to uncinate tissues from control or CRSsNP or

CRSwNP patients. We confirmed this finding at the protein

level for lactoferrin (Fig. 4E). Levels of mRNA for SPL-

UNC1 significantly correlated with lactoferrin (r = 0.664,

P < 0.0001, n = 42) supporting the conclusion that lactoferrin

and SPLUNC1 are contained within the serous cells of the

submucosal glands (Fig. S4A). Although neutrophils are

often present in sinonasal tissues and have been shown to

produce lactoferrin, we observed a negative correlation

between the expression of a neutrophil marker (CXCR1) and

lactoferrin (r = �0.403, P = 0.0081, n = 42), suggesting that

neutrophils are not a major source of lactoferrin in sinonasal

tissue (Fig. S4B). These data collectively suggest that the

decreased expression of SPLUNC1 in nasal polyp tissues of

patients with CRSwNP is attributed to a decrease in the

number of glands in nasal polyps.

Discussion

Recent studies have suggested that dysfunction of the innate

immune system may play a permissive role in CRS pathogen-

esis, creating an environment that fosters increased microbial

colonization (7, 8). The PLUNC family of proteins came into

interest initially because of reports of high concentrations of

SPLUNC1 in NLF and to their structural similarities to the

antimicrobial protein BPI, suggesting potential antimicrobial

and endotoxin neutralization functions (9). Subsequent

A

D E F G

H I J K

B C

Figure 2 Evaluation of protein expression and localization of

SPLUNC1 and LPLUNC2 by ELISA (SPLUNC1), immunoblot

(LPLUNC2) and immunohistochemistry. Tissue extracts of unci-

nates from control subjects and patients with CRSsNP or

CRSwNP, and polyps from patients with CRSwNP were used to

analyze the concentration of SPLUNC1 protein by ELISA (A) and

LPLUNC2 protein by immunoblot analysis (B and C). A representa-

tive immunoblot for LPLUNC2 (49 kDa) and Actin (42 kDa) (B).

Densitometry analysis of LPLUNC2 immunoblots (C). Representa-

tive SPLUNC1 (D–G) and LPLUNC2 (H–K) immunostaining in unci-

nate of a control subject (D and H), a CRSsNP patient (E and I), a

CRSwNP patient (F and J) and a polyp from a CRSwNP patient (G

and K). Inset in D and H shows control IgG staining for SPLUNC1

and LPLUNC2, respectively. Representative of 7–10 donors per

group shown as 2009. *P < 0.05, **P < 0.01, ***P < 0.001.

Allergy 67 (2012) 920–928 © 2012 John Wiley & Sons A/S924
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studies demonstrated a profound antimicrobial effect of SPL-

UNC1 (14, 18). The present study demonstrates decreased

mRNA expression for most members of the PLUNC family

in nasal polyps when compared with uncinate tissue of either

control or patients with CRS. This decrease in PLUNC

family expression was generally restricted to the polyp itself.

The PLUNC family members LPLUNC4 and BPI were

exceptions, with lower expression in uncinate tissue from

both CRSsNP and CRSwNP patients. Further study will be

required to assess whether there are global defects in produc-

tion of these two molecules in CRS.

In this study, we focused our efforts on the two most highly

decreased PLUNC family molecules in nasal polyp tissue,

SPLUNC1 and LPLUNC2. Using SPLUNC1 ELISA and

A

D E F

B C

Figure 3 Evaluation of sequential staining for AB/PAS, SPLUNC1,

and LPLUNC2 in sinonasal tissue. Serial sections (3 lm) of unci-

nate tissues from normal patients were used to stain with LPL-

UNC2 antibody (A and D), AB/PAS (B and E) or SPLUNC1 antibody

(C and F). Shown is a representative subject out of 4 control sub-

jects, represented as 2009 (A–C) and 4009 (D–F).

A B

C D E

Figure 4 Evaluation of the number of glands and expression of

lactoferrin in sinonasal tissue. Representative AB/PAS staining in

uncinate from a control subject (A) and a polyp from a patient with

CRSwNP (B). Quantitation of the number of glands in tissues

stained with AB/PAS in uncinate from control subjects and polyps

from patients with CRSwNP (C) (n = 5, 10 fields per slide). Lacto-

ferrin expression in sinonasal tissue was assessed by real-time

PCR (D) and ELISA (E). **P < 0.01, ***P < 0.001.
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LPLUNC2 immunoblot analysis, we were able to confirm

reduced levels in nasal polyp tissue. In a previous report using

proteomics technology, Min-man et al. (26) concluded that

the intensity of SPLUNC1 staining was decreased in nasal

polyp tissue. The current study confirms this finding and

extends it to demonstrate that the decreased expression in

polyp tissue was attributed to a decreased number of glands.

It has been previously reported that some nasal polyps have a

lower density of glandular structures than the surrounding

ethmoid tissue (27). SPLUNC1 and LPLUNC2 were strongly

expressed in submucosal glands and moderately expressed in

surface epithelium. Remarkably, we observed that SPLUNC1

was localized in the serous cells and LPLUNC2 was selectively

localized in the mucous cells within the submucosal glands.

This suggests differential release of these host defense proteins

during basal and stimulated conditions.

On the basis of our findings of decreased expression of

glandular proteins in nasal polyp tissue, we propose that

glandular hyperplasia associated with CRS, if it occurs, may

be restricted to certain forms of polyps or to tissues other

than the polyp itself (27). Our findings strongly suggest that

the decreased SPLUNC1 in polyps is an effect of formation

of the polyp without an accompanying expansion of submu-

cosal glands. We detected substantial amounts of SPLUNC1

and LPLUNC2 in NLF, and despite the decreased produc-

tion of these molecules in nasal polyps, we failed to observe

any differences in expression of these molecules in NLF of

patients with CRS compared to control subjects. As NLF

is collected as a wash of the entire sinonasal cavity, the

presumed reduction of SPLUNC1 and LPLUNC2 on the

surface of the polyps may not influence the total collection.

We speculate that other methods of collection of nasal lining

fluid, such as using filter paper disks or sponges, will detect

reduced SPLUNC1 on the polyp surface (28, 29).

Some current theories of CRS pathogenesis have focused

on defects in the production of innate host defense proteins,

barrier defects, mucociliary dysfunction, and a role for super-

antigens. More recently, our laboratory published reduction

in innate immune molecules of the S100 family in CRS (30).

In the present study, we show that polyps of patients with

CRS have a defect in the local production of proteins of the

PLUNC family and lactoferrin. Despite SPLUNC1’s homol-

ogy to BPI and its ability to bind LPS, it has been tested

only with a few organisms (14, 16–18, 31). Recent findings,

however, suggest that SPLUNC1 may also be involved in

suppressing Pseudomonas biofilm formation (21). Biofilms are

a leading cause of decreased efficacy of antibiotics, which in

turn may lead to increased colonization by bacteria in CRS

(32, 33). Thus our findings suggest that reduced PLUNC

proteins on the surface of a nasal polyp may increase suscep-

tibility to colonization by microorganisms that form biofilms

or are otherwise sensitive to PLUNCs. On the basis of its

LPS binding ability, we speculate that SPLUNC1 may

impact additional organisms other than Mycoplasma and

Pseudomonas.

There are other mechanisms by which reduced PLUNC

might alter sinonasal physiology or inflammation. Published

studies suggest SPLUNC1 is an anti-inflammatory protein,

suppressing the ova-alum model of allergic inflammation

(19). It could be speculated that the increased inflammation

seen in polyps may thus relate in part to decreased SPL-

UNC1 expression. Also of interest is recent research showing

that SPLUNC1 has a role in suppressing the activation of

epithelial sodium channels (ENaC), which has implications in

mucociliary clearance as well as ion and fluid influx into

mucosal tissue (20, 34). A decrease in SPLUNC1 in polyp tis-

sue may result in the local over-activation of ENaC, leading

to transepithelial water transport and contributing to polyp

Figure 5 Decrease in the number of glands in nasal polyps of

patients with CRSwNP may lead to a localized defect in the

production of antimicrobial proteins such as lactoferrin, lysozyme,

and proteins of the PLUNC family.
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formation. Of note, cultured nasal polyp epithelial cells show

a greater rate of transepithelial ion transport, suggesting that

the movement of water into the cell and into the interstitial

tissue could explain the edema commonly seen in polyps

(35). The dysregulation of ENaC and surface liquid levels

also impairs mucociliary clearance, another mechanism by

which pathogens are able to thrive and cause chronic inflam-

mation. Recent studies have implicated SPLUNC1 in muco-

ciliary clearance in vivo (31). On the basis of the multifaceted

functional abilities of SPLUNC1, we hypothesize that reduc-

tion in SPLUNC1 may contribute to CRS pathogenesis via

loss of its physicochemical effects as much as via loss of its

antimicrobial or LPS neutralizing effects.

The functions of other proteins of the PLUNC family are

not yet elucidated. On the basis of the protein sequence

homology with BPI and their abundance at mucosal surfaces

and NLF, it is thought that this family may be involved in

mucosal innate host defense (7, 8). Further functional analy-

sis needs to be undertaken to elucidate the specific roles of

each of these molecules in host defense and in CRS. Our

results and their implications for localization of host defense

molecules are summarized in Fig. 5. To the extent that they

are important in immunity, the decrease in the expression of

PLUNCs, and other glandular proteins such as lactoferrin

and lysozyme, in nasal polyps may play a contributory role

in the increased bacterial colonization of the nasal mucosa in

CRSwNP patients. In conclusion, this study demonstrates

markedly suppressed expression of PLUNC family members

in nasal mucosa of patients with CRS, particularly in nasal

polyp tissue. Decreased SPLUNC1, theoretically associated

with decreased ability to clear pathogens and dysregulation

of ionic balance, may contribute to the chronic inflammatory

response and subsequent pathogenesis of nasal polyps in

CRSwNP patients.
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METHODS22

Microarray Analysis23

24

A comprehensive microarray analysis was performed as previously described (1). Gene25

expression was measured with GeneChip Human U133 Plus 2.0 probe arrays26

(Affymetrix). Total RNA was isolated from sinus tissue (Uncinates and nasal polyps)27

from control and patients with CRS. DNase I treated RNA was purified using RNeasy28

columns according to manufacturer’s recommendations (Qiagen, Valencia, CA). NuGen29

ovation RNA amplification System V2 was used for cDNA amplification and biotin30

labeling module to prepare cDNA for hybridization. Starting from 100 ng total RNA, 3.7531

µg labeled cDNA was hybridized on Affymetrix GeneChip Human Genome U133 Plus32

2.0 probe arrays. GeneChips were washed and stained using Affymetrix fluidics station33

450. GeneChips were scanned on an Affymetrix 7G GeneChip scanner. Data was34

analyzed using GeneChip command console software version 3.2.35

36

Real-time PCR37

38

Total RNA from sinonasal tissue was extracted using QIAzol (Qiagen, Valencia, CA)39

using RNeasy purification system according to manufacturer's instructions. DNA40

contamination was eliminated by treatment of RNA with DNase I during purification.41

Purified RNA was assessed with Agilent 2100 Bioanalyzer (Agilent Technologies, Santa42

Clara, CA) using a RNA 6000 Nano LabChip (Agilent Technologies). One microgram of43

RNA was converted to single-strand cDNA using SuperScript II reverse transcriptase44

system (Invitrogen, Carlsbad, CA) using random primers. Semi-quantitative real-time45
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RT-PCR was performed with a TaqMan method using an Applied Biosystems 750046

Sequence Detection System (Applied Biosystems, Foster City, CA) in 15 µl reactions47

(7.5 µl of 2x TaqMan Gene Expression Master mix (Applied Biosystems), 0.75 µl of 20x48

primer/probe mix and 5 µl of 2 ng/µl cDNA). All primers/probes were purchased from49

Applied Biosystems. Median expression of GUSB (Human β-glucuronidase endogenous50

control, PN; 4326320E) was used for normalizing gene expression. Exact copy number51

of the target genes was determined by running serial dilutions of quantified PCR product52

of the target gene as standards in the PCR reaction. Target gene expression was53

expressed as copies/ng of total RNA.54

55

Extraction of proteins from sinus tissue and collection of Nasal Lavage Fluids56

57

Tissue proteins were extracted as described in Peters AT et al (2). Briefly, tissues were58

cut into small pieces and resuspended in PBS containing 0.05% tween 2059

supplemented with a protease inhibitor cocktail (Sigma). Tissues were lysed in bullet60

blender (Next Advance) with 1.6 mm stainless steel beads for 4 minutes twice at setting61

7. Tissue lysates were centrifuged at 1968 Xg to clear the debris. Tissue lysates were62

stored at -20ºC until further use.  Nasal Lavage was collected in clinic or at the time of63

surgery by instilling 5 ml of PBS in each nostril. Lavages were centrifuged at 1100 Xg to64

remove the cells and debris.  The supernatants were collected and concentrated with65

10K MWC Amicon Ultra centrifugal filters at 3000 rpm for 15-20 minutes. The nasal66

lavages were stored at -20ºC until further use. Protein concentrations in all samples67

were determined using BCA assay (Thermoscientific) following manufacturer’s protocol.68

69
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Immunohistochemistry70

71

Immunohistochemistry was performed as described in Peters AT et al (2). Briefly, nasal72

tissue was dehydrated, infiltrated, and embedded with paraffin, and tissue was sectioned73

at 3 µm by using a Leica RM2245 Cryostat (Leica Microsystems Inc.; Bannockburn, IL).74

All sections were de-paraffinized and rehydrated; tissue sections stained for LPLUNC275

were boiled for 20 minutes in citrate-based buffer for antigen unmasking (pH 6.0; Vector76

Laboratories; Burlingame, CA). All sections were then blocked for endogenous77

peroxidase activity with 3% H2O2/methanol. After rinsing, sections stained for SPLUNC178

and LPLUNC2 were blocked for nonspecific binding with 1% horse serum/0.3%79

Tween-20/PBS and 1% goat serum/0.3% Tween-20/PBS, respectively. Tissue sections80

were then incubated with 0.125 µg/mL (1:1600 dilution) mouse anti-human SPLUNC181

mAb (IgG2b, clone: 251512, R&D Systems; Minneapolis, MN) or 0.110 µg/mL (1:320082

dilution) rabbit anti-human LPLUNC2 Ab (IgG, Proteintech; Chicago, IL) overnight at 4°C.83

Isotype control antibodies used for SPLUNC1 and LPLUNC2 antibodies were 0.12584

µg/mL mouse IgG antibody (Jackson ImmunoResearch Laboratories; West Grove, PA)85

and 0.110 µg/mL rabbit IgG (Jackson ImmunoResearch Laboratories), respectively.86

Sections were rinsed and then incubated in biotinylated secondary horse anti-mouse or87

goat anti-rabbit antibody (Vector Laboratories) at a 1:500 dilution for 1 hour at room88

temperature. After another rinse, sections were incubated in ABC reagent89

(avidin–biotin–horseradish peroxidase complex, Vector Laboratories) for 1 hour at room90

temperature. Sections were rinsed again and incubated in diaminobenzidine (DAB)91

reagent (Invitrogen) for 10 minutes at room temperature. They were then rinsed in92

deionized H2O, counterstained with hematoxylin, dehydrated, cleared, mounted, and93
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coverslipped by using Cytoseal 60 (Richard-Allan Scientific; Kalamazoo, MI) in94

preparation for microscopic analysis.95

Semi-quantitative scoring and analysis of SPLUNC1 and LPLUNC296

immunohistochemical staining was performed by two independent observers using an97

Olympus IX71® Inverted Microscope at a magnification of 200X and a MicroFire AR98

digital microscope camera (Optronics; Goleta, CA).  Each section was blinded, and99

subject diagnosis was unknown to the observers. Sections were scored on a scale of100

0-3 (0 indicated no staining, 1 indicated mild staining, 2 indicated moderate staining and101

3 indicated intense staining) for the glands and 0-2 (0 indicated no staining, 1 indicated102

moderate staining and 2 indicated intense staining) for the epithelium.103

Sections stained for alcian blue/periodic acid-Schiff Reagent (AB/PAS) were104

deparaffinized, rehydrated, and stained sequentially with alcian blue (Sigma-Aldrich; St.105

Louis, MO), periodic acid (Electron Microscopy Sciences; Hatfield, PA), and Schiff106

Reagent (Richard-Allan Scientific).  Glandular quantitation of AB/PAS sections was107

performed by three independent observers in 10 randomly chosen fields-using an108

Olympus IX71® Inverted Microscope at a magnification of 200X and a MicroFire AR109

digital microscope camera (Optronics).  Each section was blinded, and subject110

diagnosis was unknown to the observers.111

112

ELISA and Immunoblotting113

114

Briefly, Immunolon-4HBX plate (Fisher) was coated with 1.0 µg/ml of mouse monoclonal115

anti-SPLUNC1 antibody in PBS, overnight at RT. Next day, plates were washed with116

PBS supplemented with 0.05% tween 20 (PBST). Plate was blocked using 2.5% BSA in117
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PBS. For 1-2 hours. Plate was washed again with PBST four times. Human SPLUNC1118

was used as standard in the ELISA has been described previously Chu et al. 2007 (3).119

Standards and samples were diluted in 1% BSA in PBS. Most of the samples were120

analyzed at multiple dilutions. Samples and standards were incubated for 2 hours at121

room temperature. After incubation, plate was washed 4X with PBST. Plate was122

incubated with goat anti-SPLUNC1 biotinylated detection antibody for 2 hours at room123

temperature. Plate was again washed four times with PBST and the incubated with124

strepavidin-HRP secondary antibody for 30 minutes. After washing with PBST, substrate125

was added and the color was allowed to develop for 20-30 minutes. Reaction was126

stopped by adding 2N H2SO4 and the plate was read at 450 nm with 570 nm as127

corrected wavelength. Standard and sample concentrations were obtained by plotting a128

linear curve. Lactoferrin elisa was used as per the manufacturer’s instructions (Oxis129

International Inc.). The sensitivity of this ELISA is 1 ng/ml. Immunoblotting was130

performed using tissue extracts or nasal lavage. Protein matched extracts or nasal131

lavage was used for immunoblotting. Proteins were separated using Bis-Tris gels132

(Invitrogen) as per manufacturer’s protocol. LPLUNC2 was detected using rabbit133

polyclonal antibody (Proteintech). Actin (MP Biomedicals, clone C4) was used to134

normalize the expression of LPLUNC2 in tissue extracts. Immunoblots were analyzed135

and quantified using Odyssey imaging software (Licor). LPLUNC2 levels were136

expressed in Density Units with (extracts) or without (nasal lavage) normalizing for actin137

density.138

139
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FIGURE LEGENDS140

Figure E1.141

Microarray analysis of BPI -PLUNC family in sinonasal tissue142

Microarray was used to assess the expression of proteins of BPI-PLUNC family in143

uncinate tissues from control subjects and patients with CRSsNP, CRSwNP and polyps144

from patients with CRSwNP. (n=6) *P<0.05, **P<0.01.145

146

Figure E2.147

Semi quantitative analysis of SPLUNC1 and LPLUNC2 immunostaining in148

sinonasal tissue149

Intensity of SPLUNC1 and LPLUNC2 staining was quantified in uncinate tissue from150

normal subjects, patients with CRSsNP, CRSwNP and polyps from patients with151

CRSwNP. Quantitation of staining intensity in glands and epithelium are represented for152

SPLUNC1 (top) and LPLUNC2 (bottom). *P<0.05153

154

Figure E3.155

Expression of SPLUNC1 and LPLUNC2 in nasal lavage fluid156

The concentration of SPLUNC1 was analyzed in nasal lavage fluids from control157

subjects and patients with CRSsNP and CRSwNP by ELISA (A). Concentration of158

SPLUNC1 was normalized to total protein. The concentration of LPLUNC2 in NLF was159

detected by immunoblot analysis using protein matched nasal lavage (B).160

161

Figure E4.162

Expression of SPLUNC1 mRNA correlates with mRNA of lactoferrin163
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The relationship between SPLUNC1 and lactoferrin was analyzed in mRNA samples by164

real-time PCR (A). The relationship between lactoferrin and CXCR1 was assessed as165

described above (B). Correlations were assessed by Spearman Rank correlation. Data166

for SPLUNC1 and lactoferrin were used from Fig 1 and Fig 4 respectively.167

168
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