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Abstract Chronic rhinosinusitis with nasal polyps is con-
sidered a subgroup of chronic rhinosinusitis and a signifi-
cant health problem, but the pathogenesis remains unclear
to date. Therefore, we investigated the stemness to deter-
mine the role of stem cells in nasal polyps, with additional
analysis of the neuronal differentiation potential of nasal
polyp cells. We determined gene and protein expression
profiles of stem cells in nasal polyp tissues, using whole
genome microarray, quantitative real-time PCR (qPCR),
immunohistochemistry, and flow cytometry. To evaluate
the neuronal differentiation potential of nasal polyp cells,
we used an efficient xenogeneic co-culture model with
unsliced adult rat brain biopsies, followed by qPCR, immu-
nohistochemistry, and growth factor antibody arrays. Dur-
ing gene expression analysis and immunohistochemistry,
we were able to detect different stem cell markers, like Oct-
4, Sox2, Kl1f4, c-Myc, ABCG2, Nanog, CD133, and Nestin,
which confirmed the existence of stem cell like cells within
nasal polyps. In addition, co-culture experiments give evi-
dence for a guided differentiation into the neuronal lineage
by overexpression of Nestin, Neurofilament, and GM-CSF.
Our study demonstrated the expression of stem cell-related
markers in nasal polyps. Furthermore, we characterized,
for the first time, the stemness and neuronal differentiation
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potential of nasal polyp cells. These results gave new
insights into the pathogenesis of nasal polyps and its thera-
peutic effectiveness could represent a promising strategy in
the future.
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Introduction

Chronic rhinosinusitis with nasal polyps (CRSwNP) is
considered a subgroup of chronic rhinosinusitis, a chronic
inflammatory condition of the nasal and paranasal sinuses,
and is characterized by grape-like structures in the upper
nasal cavity. Typical histological features of nasal polyps
are dense inflammatory infiltrates, loose fibrous connec-
tive tissue with substantial tissue edema, and a thickened
basement membrane covered mostly by respiratory pseu-
dostratified epithelium with ciliated cells and goblet cells
(Fokkens et al. 2012). The nasal epithelium is constantly
encountered to environmental factors like allergens, bacte-
ria, or viruses, and is the first line of defense against these
factors, but it serves not only as physical barrier. Nasal epi-
thelial cells are able to detect and respond to environmental
signals by producing cytokines which mediate the recruit-
ment of immunocompetent cells and create a micro-envi-
ronment for these cells (Vroling et al. 2008).

Under chronic inflammatory conditions, the epithelium
must regenerate to restore its defensive functions (Watelet
et al. 2006). This regenerative process may involve multi-
lineage stem/progenitor cells with self-renewal and pro-
liferation capacities (Alison and Islam 2009). Adult stem
cells are undifferentiated cells found in different tissues
and organs (Alison and Islam 2009). They have common
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attributes which afford them self-renewal, survival, and
conservation of genomic integrity, and are located in spe-
cialized micro-environments (Alison and Islam 2009; Kim
et al. 2009; Randell 2006). In the development and pro-
gression of malignant tumors, cells of this type could drive
continued expansion of malignant cells (Jordan et al. 2006),
but the underlying molecular mechanisms of the benign
cell proliferation and the chronic recurrent nature of nasal
polyps are still unknown.

The previous studies about stem cells in nasal polyps
dealt with the identification and characterization of spe-
cific stem cell populations. In detail, researchers linked
the pathogenesis of nasal polyps to the presence and dif-
ferentiation of mesenchymal stem cells (MSC) (Cho et al.
2014, 2015; Pezato et al. 2014), pathological changes
in the epithelium (de Borja Callejas et al. 2014; Li et al.
2014; Wiszniewski et al. 2006; Yu et al. 2014) or to single
stem cell markers like stem cell factor, Nestin, and BMI-1
(Kim et al. 1997, 2009; Kowalski et al. 2005). The overall
stemness and for example neuronal differentiation potential
of nasal polyps are still unknown. The aim of this study was
to clarify the expression of further stem cell markers and to
characterize the stemness in an effort to determine the role
of stem cells in nasal polyps. In addition, we evaluated the
neuronal differentiation potential of nasal polyp cells from
chronic rhinosinusitis patients in an efficient xenogeneic
co-culture model.

Materials and Methods
Ethics Statements

The study was approved by the local ethics committee of
the University of Schleswig—Holstein, Campus Liibeck
and conducted in accordance with the ethical principles
for medical research formulated in the WMA Declaration
of Helsinki. All participants were treated surgically at the
Department of Otorhinolaryngology, University Hospital
Schleswig—Holstein, Campus Liibeck, and have given their
written informed consent.

The isolation of brain biopsies from Sprague—Dawley
rats was approved by the animal protection committee of
the University Liibeck.

Patient Specimens

Nasal polyp tissue and associated inferior turbinate tissue,
as internal control, were harvested from 26 patients (21
males and 5 females, mean age: 51.18 +18.26) who under-
went functional endoscopic sinus surgery. Fresh tissue
samples were flash frozen in liquid nitrogen immediately
after resection, stored at —80°C before RNA and protein
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extraction, and additionally embedded for cryostat sections
and used for dissociation of nasal polyps. For microarray
analysis, nasal polyp tissue and inferior turbinate tissue of
8 patients (7 males and 1 female, mean age: 53.87 +13.34)
were representatively analyzed.

All patients had a history of sinusitis of more than
3 months and did not respond to conservative therapy.
Patients were skin tested for pollens, molds, dust mites, and
pets using standardized extracts (Allergopharma Joachim
Ganzer KG, Reinbek, Germany) within a time frame of
4 weeks before surgery. Eosinophilic CRSWNP was deter-
mined by histopathologic examination and patients with
mucoviscidosis or neutrophilic nasal polyps were not
included in this study. All patients had been free of ster-
oid medication for at least 4 weeks before surgery and had
no history of atopy, bronchial asthma, or salicylate intoler-
ance/aspirin-exacerbated respiratory disease.

Microarrays

To identify the basal gene expression profiles of nasal pol-
yps and inferior turbinates, we performed Agilent Whole
Human Genome Microarrays (4x44 K, Miltenyi Biotec,
Bergisch Gladbach, Germany).

Frozen tissue samples were shipped on dry ice to Milte-
nyi Biotec (Bergisch Gladbach, Germany) for microarray
analysis. RNAs were isolated using standard RNA extrac-
tion protocols (Trizol) and were quality-checked via the
Agilent 2100 Bioanalyzer platform (Agilent Technologies).
The RNA integrity number (RIN) value was calculated
and RNA with an RIN number >6 was used (Fleige and
Pfaffi 2006). Agilent whole human genome microarrays
(4x44 K) were performed following the manufacturer’s
protocols. The Rosetta Resolver® gene expression data
analysis system (Rosetta Biosoftware) was used to compare
two single intensity profiles in a ratio experiment (inferior
turbinate versus nasal polyp). These experiments adhere to
the Minimal Information About A Microarray Experiment
guidelines.

Quantitative Real-Time PCR

Quantitative real-time PCR (qPCR) was performed to con-
firm microarray results and to analyze the transcription of
markers for stemness, proliferation, and differentiation to all
three germ layers, using TagMan® Gene Expression Assays
(Applied Biosystems, Foster City, CA, USA; Table 1). The
transcriptional activity of studied genes was analyzed using
a LightCycler 1.5 (Roche, Mannheim, Germany). One
microgram of each RNA sample was synthesized to cDNA
using the RevertAid™ First Strand cDNA Synthesis Kit
(Fermentas, St. Leon-Rot, Germany) according to the man-
ufacturer’s instructions. qPCR reaction mixture consisted
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Table 1 TagMan® gene expression assays used for gPCR
Gene symbol  Assay ID GeneBank Length of
amblicon
S-actin Hs99999903_m1  NM_001101.3 171 bp
Nestin Hs00707120_s1 NM_006617.1 81 bp
Nanog Hs02387400_g1 NM_024865.2 109 bp
ABCG?2 Hs01053790_m1  NM_004827.2 83 bp
c-Myc Hs00905030_m1  NM_002467.4 87 bp
Oct4 Hs00999632_g1 NM_203289.3, NM_002701.4 77 bp
Sox2 Hs01053049_s1 NM_003106.2 91 bp
Kif4 Hs00358836_m1  NM_004235.4 110 bp
CD9 Hs00233521_m1  NM_001769.3 72 bp
CD133 Hs01009259_m1  NM_001145847.1, NM_001145848.1, NM_001145849.1, NM_001145850.1, 66 bp
NM_001145851.1, NM_001145852.1
NF Hs00196245_m1  NM_006158.3 71 bp
S100p Hs00902901_m1  NM_006272.2 96 bp
CKI18 Hs01941416_g1 NM_199187.1, NM_000224.2 154 bp
aSMA Hs00559403_m1  NM_001100.3 58 bp
MEF2D Hs00954735_m1  NM_005920.2 66 bp
PPARy Hs01115513_m1 ~ NM_005037.5, NM_015869.4, NM_138711.3, NM_138712.3 90 bp
SPPI Hs00959010_m1  NM_000582.2, NM_001040058.1, NM_001040060.1, NM_001251829.1, NM_001251830.1 84 bp
vWF Hs01109446_m1  NM_000552.3 56 bp

of 10 ul TagMan® Gene Expression Master Mix (Applied
Biosystems, Foster City, CA, USA), 1 ul TagMan® Gene
Expression Assay (Applied Biosystems, Foster City, CA,
USA), and 5 ng of cDNA. Detailed program information
was published before (Konnecke et al. 2014). To ensure
that the reference gene was stably expressed in nasal pol-
yps and inferior turbinates, we tested several housekeeping
genes such as f-actin, GAPDH, or HPRT1 according to
the Minimum Information for Publication of Quantitative
Real-Time PCR Experiments Guidelines. Beta-actin was
invariantly expressed under experimental conditions, thus
all selected gene mRNA levels in patients were measured
and normalized to B-actin. The 2722 method (Livak and
Schmittgen 2001) was used to analyze the qPCR data. In
addition, agarose gel electrophoresis was applied on gener-
ated PCR-products in the course of the qualitative charac-
terization of mRNA-products in nasal polyp tissue.

Immunohistochemistry

Frozen tissue sections were air dried and fixed in ice-cold
(—20°C) acetone for 10 min. Immunostaining was per-
formed using the Labeled Streptavidin Biotin method.
Sections were incubated for 15 min with 3% H,0O,, rinsed
three times in Tris-buffered saline (TBS) and incubated
overnight with rabbit monoclonal antibody Sox2 (1:100,
GeneTex, USA). After washing in TBS, sections were
incubated with polylink biotinylated antibody for 20 min,

followed by peroxidase labeled avidin-biotin-complex for
20 min (Dako, Denmark). Visualization was achieved by a
final incubation with 3-amino-9-ethylcarbazol-peroxidase
substrate chromogen. Sections were counterstained with
Mayer’s hematoxylin and analyzed with an Axiovert 200 M
microscope (Carl Zeiss AG, Oberkochen, Germany).

Immunofluorescence

Frozen tissue sections were air dried and fixed in 4% para-
formaldehyd in phosphate-buffered saline (PBS; Gibco,
Life Technologies, Carlsbad, CA, USA) containing 0.1%
TritonX. Non-specific binding was blocked by incubation
with 20% normal serum (Vector Laboratories, CA, USA)
diluted in PBS for at least 20 min at room temperature. Tis-
sue sections were incubated with primary antibody against
a-SMA (1:1000, mouse; Dako, Denmark), Cytokeratin 18
(CK18, 1:200, mouse; Santa Cruz, USA), Ki67 (1:500, rab-
bit; Abcam PLC, USA), Nestin (1:100, mouse; Millipore,
USA), Neurofilament-mix (NF, 1:500, rabbit; GeneTex,
USA), and Oct-4A (20 pg/ml, mouse; Santa Cruz, USA)
diluted in TBS with 1% Tween20 containing 0.1% bovine
serum albumin in a humid chamber over night at 4°C.
After rinsing three times with PBS, tissue sections were
incubated with fluorescence labeled secondary antibody in
a humid chamber for 60 min at 37 °C. After washing three
times in PBS, tissue sections were covered with Vectash-
ield mounting medium (Vector Laboratories, CA, USA)
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and analyzed with a laser scanning microscope (LSM 710;
Carl Zeiss AG, Germany).

Preparation of Single Cell Suspension

Tissue samples were washed in PBS, carefully minced
into small pieces with a scalpel blade, and digested by
enzymatic treatment in an enzyme mixture solution of col-
lagenase type II (31.5 mg/ml; Gibco, Life Technologies,
Carlsbad, CA, USA), hyaluronidase (3.99 mg/ml; Sigma,
Munich, Germany) and dispase (33.4 mg/ml; Sigma,
Munich, Germany). One milliliter of each enzyme was
added to 15 ml sterile serum free high-glucose Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, Life Technolo-
gies, Carlsbad, CA, USA) containing 1% L-glutamine and
supplemented with 10% fetal bovine serum (FBS; Gibco,
Life Technologies, Carlsbad, CA, USA), 2.5% 25 mM
HEPES buffer, 1% sodium pyruvate, 1% nonessential
amino acids and 5-10% of antibiotic/antimycotic solution
(Gibco, Life Technologies, Carlsbad, CA, USA) under
shaking at 37°C for 120 min. After enzymatic treatment,
cells were washed and centrifuged. Then, the dissociated
cells were washed in PBS, and filtered through a 70 and a
40 um-nylon cell strainer (Falcon, Becton Dickinson Lab-
ware, Heidelberg, Germany) to generate a single cell sus-
pension. The resulting cell suspensions were cultured and
then used for flow cytometry and co-culture experiments.

Flow Cytometry

Forty-eight hours after cell isolation, cultured cells were
washed in PBS and detached. To remove cell clumps,
cells were passed through a 40 pm-nylon cell strainer.
Cells were counted and dead cells were excluded by
using the trypan blue exclusion assay. 2 x 10° cells were
suspended in 50 ul buffer of 2% FBS (Gibco, Life Tech-
nologies, Carlsbad, CA, USA) in PBS and then incubated
in the dark at 4 °C for 15 min with specific antibody con-
centrations of 2 ul/50 pl. A surface antigen staining with
the lineage cocktail 1 FITC including CD3, CD14, CD16,
CD19, CD20, and CD56 (Becton Dickinson, Heidelberg,
Germany) was performed for excluding Oct-4-positive
lymphocytes, monocytes, eosinophils, and neutrophils.
Then, cells were washed by adding the buffer and centri-
fuged at 300g for 5 min. Supernatant was poured off and
cell pellets were suspended again in a 50 pl buffer. After-
wards, for intracellular staining of Oct-4 (rat, R&D, Min-
neapolis, USA), cells were treated with 50 pl 0.1% Sapo-
nin. The percentage of positive cells was measured from
a cut-off set determined using the isotype-matched non-
specific control antibodies APC IgG2b, PE IgG2b, APC
IgG2b, (all R&D, Minneapolis, USA), and FITC IgG2b
(Becton Dickinson, Heidelberg, Germany) as internal
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controls. The levels detected by these isotype control
antibodies were used as a basal background which had to
be subtracted from each result. 1x 10° events were ana-
lyzed by flow cytometry on a FACSCanto (Becton Dick-
inson) equipped with the FACS DIVA software. Dead
cells were excluded by staining the cells with Propidium
Iodide—PE (Becton Dickinson, Heidelberg, Germany).

Co-culture Experiments

Fresh nasal polyp tissues were separated into single cells
and cultured in DMEM containing 10% FBS and 1% anti-
biotics/antifungal agent. Two days prior co-culture experi-
ments, cells were detached and seeded in DMEM contain-
ing 10% FBS on 6-well culture plates (18,000 cells/well).
Rat brain biopsies were obtained from 8-week-old male
rats. For indirect co-culture experiments, one 0.027 cm?
piece of cerebrum and cerebellum each was separated from
nasal polyp cells by tissue culture inserts (0.4 um pore size,
Greiner Bio-One). Within this system, growth factors and
cytokines from brain tissue and NP cells could pass the
porous membrane of the insert, but no cells could cross.
Nasal polyp cells cultured without the addition of rat brain
biopsies serve as controls (Petschnik et al. 2011).

Growth Factor Antibody Array

To analyze the secretion of growth factors during the co-
culturing of human nasal polyp cells with rat brain biop-
sies, a human growth factor antibody array (Growth Fac-
tor Human Membrane Antibody Array, ab134002, Abcam
PLC, Cambridge, MA, USA) was performed. Media
supernatants of co-cultures (with and without brain) from
independently elaborated experiments were brought onto
a membrane spotted with antibodies against 41 different
growth factors. The procedure was done according to the
manufacturer’s instructions. Spots were detected by chemi-
luminescence on the Fusion FX7 (Vilber Lourmat, Torcy,
France). Culture medium without cells and brain and cul-
ture medium without cells but with brain were used to
assess baseline signal response.

Statistical Analysis

For statistical analysis and graphs, Prism software (Graph-
Pad, San Diego, USA) was used. Experiments were per-
formed in triplicates. Means and standard deviations were
compared using Wilcoxon matched-pairs signed rank
test. P values <0.05 were considered to be statistically
significant.
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Results

Transcriptional Analysis of Stem Cell Markers in Nasal
Polyps

Based on determined genome wide gene expression
profiles of nasal polyps and inferior turbinates, the rela-
tive gene expression of stem cell-related markers were
analyzed. In nasal polyps, many of the traditional stem
cell genes and stem cell-associated genes were differen-
tially expressed between the analyzed patients (Fig. 1).
To identify special subsets of stem cell markers, we
arranged these markers concerning their origin (Fig. 2).
However, no clear profile of a specific type of stem cell
marker could be detected. The traditional stem cell mark-
ers like Oct-4, Sox2, Klif4, Nanog, ABCG2, CD133, Nes-
tin, and c-Myc were differentially expressed (0.55-fold
to 1.8-fold). To confirm the data obtained by microarray
analysis, we studied the mRNA expression of stem cell
markers using qPCR. Median expression of stem cell
markers did not significantly differ between nasal polyps
and inferior turbinates (0.70-1.22-fold; Fig. 3), except
Sox2 was slightly up-regulated (1.64-fold). However,
the expression of specific stem cell markers draws con-
clusions about the existence of stem cells in nasal polyp
tissue, even if the expression did not differ compared to
turbinate tissue. Further experiments oriented toward the

identification of neuronal stem cell within nasal polyps
and their neuronal differentiation capability.

Nasal Polyp Cells Demonstrate Spontaneous
Multilineage Differentiation Potential

To characterize the stemness and multilineage differentia-
tion potential of nasal polyp cells, we investigated differ-
ent stem cell markers and markers of the three germ layers
on the mRNA and protein level. mRNA expression analy-
sis showed that specific stem cell markers, such as Nestin,
Nanog, ABCG2, CD9Y, c-Myc, Oct-4, and Sox2, could be
detected in nasal polyp cells (Fig. 4).

Protein expression of Nestin and Sox2 was confirmed
by immunohistochemistry (Figs. 5, 6a, 7). Flow cytometric
investigations analyzing single cell suspensions revealed an
average of 1.7% of Oct-4 A expressing cells in Polyposis
nasi, which were shown to be negative for lineage mark-
ers CD3, CD16, CD19, CD20, and CD56 (Fig. 6b). To
characterize the proliferation activity of nasal polyp cells,
protein expression of the proliferation marker Ki67 was
analyzed and revealed proliferating cells in the epithelium
of nasal polyps (Fig. 7). In addition, marker proteins of all
three germ layers were detectable. In regard to ectoder-
mal differentiation markers, NF and CK18 were enriched
on both the mRNA and protein level (Figs. 4, 7). S100B-
mRNA, a marker for Schwann cell differentiation, could
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Fig. 1 Heterogeneous gene expression of stem cell markers in nasal polyps
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Fig. 2 Scatter plot of stem cell
marker origens in nasal polyps
(median is indicated as horizon-
tal bar) using microarray analy-
sis. ES embryonic stem cells,
iPS induced pluripotent stem
cells, HSC hematopoietic stem
cells, MSC mesenchymal stem
cells, NSC neural stem cells

@ Springer

>

ES/iPS 1

relative Expression
normalized to 3-actin
g
5# .
-
>
»
$<
%
*
oo nqh,g
- «’

0.1 T

W

relative Expression
normalized to B-actin
o
g
i
Ll

0.1 T

(9]

relative Expression
normalized to B-actin
g
—
1

<

[+]
[e]
000

0.1 T

o

relative Expression
normalized to 3-actin
g
—
1

>>>
*

0.1 T

m

1003

105

0.14

relative Expression
normalized to B-actin
g
i

0.01 T




Arch. Immunol. Ther. Exp. (2017) 65:431-443 437
Fig. 3 Scatter plot of stem cell 100
marker in nasal polyps (median ]
is indicated as horizontal bar)
using qPCR. Relative expres-
. . = 104 N v v
sion of stem cell markers did 5B E .
not significantly differ between 2 C‘Q? 1 % v
nasal polyps and inferior turbi- = S o - “ M 0’0 o° oo A4
nates (0.70—1.22-fold), except & ?o" 14 —2ee— -_' —T— - -"u'%u-
Sox2 was slightly up-regulated 2 8= Ce - vy * .
(1.64-fold) g8 N 3 o v
T 5 . . . 8
= A
= 0. l‘; v v
0.01 T T T T T T T T
> o) & S & o & >
& S > 3 S & o N
Q =) + &\ é‘b K Y&O OQ

o= e

s £ g, 8 >s "’ Z Q \- n:
t; '.l;)' c O o = 8 O o X E L < n_ >
© Q © il S (72] -~ ($) % w o )]
\ | | | )
T T || |
Stem cell marker Ectoderm Mesoderm Endoderm

Fig. 4 Expression of neuronal stem cell markers and markers of the three germ layers

Fig. 5 Expression and localization of Sox2 in nasal polyps of chronic rhinosinusitis patients

be also detected in nasal polyps (Fig. 4). aSMA represents
a mesodermal differentiation marker and was discovered
on the mRNA and protein level (Figs. 4, 7). Additional
mesodermal markers such as MEF2D (myogenic), PPARy
(adipogenic), and SPP1 (osteogenic) were detected at the
mRNA level (Fig. 4). Moreover, the endodermal differen-
tiation marker oWF was also detected by mRNA expres-
sion (Fig. 4).

Co-culture of Nasal Polyps with Rat Brain Biopsies

The co-culture system is suitable for testing neuronal dif-
ferentiation capability of numerous types of stem cells
(Petschnik et al. 2011). We performed gPCR and immuno-
histological analysis to evaluate the influence of co-cultured
rat brain biopsies on the neuronal differentiation capability
of nasal polyp cells. In nasal polyp cell populations, only
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Oct4-APC

Fig. 6 Identification of Oct-4 A expressing cells in nasal polyps of
chronic rhinosinusitis patients. Immunohistochemical (a) and flow
cytometric investigations (b) revealed an average of 1.7% of Oct-4 A
expressing cells in nasal polyps, which were shown to be negative for
lineage markers CD3, CD16, CD19, CD20, and CD56. This figure is
a representative example of several experiments

a few cells were positive for Nestin (Fig. 9f). After co-
cultivation with rat brain biopsies for a period of 2 days,
the amount of Nestin-expressing cells slightly increased
(Fig. 9e). This increase could also be measured on the
mRNA level. The transcriptional activity of Nestin was
3.2 times higher after co-cultivation (Fig. 8). In the control
approach, NF was only low expressed by a small amount
of cells (Fig. 9d). Co-cultivation led to an increase of NF-
positive cells and a change in the morphological appear-
ance to an elongated and axon-like cell type (Fig. 9c).
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Consistent with these results, the relative expression of NF
mRNA strongly increased (Fig. 8). Alpha SMA served as
an indicator for mesodermal differentiation, but the protein
expression and transcriptional activity remained unchanged
(Figs. 8, 9a, b). In addition, it could be shown that ABCG2
(2.14-fold), another neuronal stem cell marker, was also up-
regulated on the mRNA level.

Determination of Secreted Growth Factors
in Co-culture of Nasal Polyps

To identify growth factors that may be involved in the neu-
ronal differentiation of nasal polyp cells during co-cultur-
ing, we performed human growth factor antibody arrays
to test for 41 growth factors (Fig. 10). We detected that
nasal polyp cells themselves strongly expressed insulin-like
growth factor binding protein 2 (IGFBP-2) and IGFBP-6.
Rat brain biopsies separately highly express basic fibroblast
growth factor (bFGF). The co-culturing of nasal polyp cells
with rat brain biopsies led to a 7.45-fold higher secretion
of granulocyte macrophage colony-stimulating factor (GM-
CSF) compared to the single approaches. FBS was used
in the culture medium and that is the reason why several
growth factors were already present at low levels in the
untreated supernatants.

Discussion

Stem cells are engaged in homeostasis and tissue repair
on different mucosal surfaces (Yu et al. 2012). During
the past years, many studies have introduced a variety of
stem cell markers (Alison and Islam 2009) identifying
special subgroups, correlating diverse functions to marker
patterns. Stem cells have an essential role in the develop-
ment of complex multicellular organisms, but their unique
properties, especially the attribute of self-renewal, make
them highly relevant to benign repair mechanisms as well
as malignancy and oncogenesis (Pardal et al. 2003). Under
normal conditions, the airway epithelium is slowly renewed
after damage, but it can also proliferate notably to repair an
injury (Ayers and Jeffery 1988). Abnormal increased self-
renewal combined with intrinsic growth potential of stem
cells may result in a malignant phenotype (Jordan et al.
2006). The recurrent nature, the uncontrolled benign cell
proliferation of nasal polyps, arising from inflammatory
micro-environment parallels steps of stem cell development
described in malignancies.

Nasal stem cells should be expected in the nasal epithe-
lium, because it is constantly encountered to environmental
factors like allergens, bacteria, or viruses, and is the initial
site of injury from these factors (Vroling et al. 2008; Yu
et al. 2012). Actually, we were able to identify different
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Nestin

Fig. 7 Immunohistological characterization of nasal polyp tissue concerning their stemness and differentiation capability

stem cell markers which have been already linked to various
cell types like induced pluripotent stem cells, hematopoi-
etic stem cells, MSC, or neural stem cells, which confirmed
the existence of stem cell like cells in nasal polyps. A
recently published study showed that the turbinate mucosa
represents different mechanical properties between middle
and inferior turbinate of chronic rhinosinusitis patients with

nasal polyps (Pezato et al. 2016b). The authors came to the
conclusion to avoid using the inferior turbinate as control
for nasal polyposis and suggested to use the middle meatus
mucosa from healthy nasal mucosa. This is a good point
and should be considered in the future. However, for our
transcriptional analysis, we used the inferior turbinate of
the same patient, because this represents a good internal
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Fig. 9 Effect of brain co-
culture on the aSMA, Neuro-
filament, and Nestin expression
of nasal polyp cells

Co-culture

Control

control due to the fact that it is not affected by nasal polyp
growth and shares the same chronic inflammatory condi-
tions as nasal polyps.

Oct-4, a Pou domain-containing transcription factor,
has become a proxy for stemness in many different stud-
ies of adult stem cells and is an essential mediator of the
embryonic stem cell state (Campbell et al. 2007; Lengner
et al. 2008). Oct-4 expression has been demonstrated at
different locations in the human body like bone marrow,
hair follicles, breast, liver, or neural stem cell (Gupta and
Rosenberg 2008; Jiang et al. 2002; Reyes et al. 2002; Yu
et al. 2006) and now also in nasal polyp cells. Besides Oct-
4, Sox2 is one of the transcription factors which is essential
for the pluripotent cell development and maintenance of
undifferentiated embryonic stem cells (Avilion et al. 2003;
Nichols et al. 1998) and was found in the epithelium of
nasal polyps. Nestin has been reported not only as an adult
stem cell marker (Wiese et al. 2004) but also as a marker
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Neurofilament Nestin

for neuroectodermal progenitor cells (Yaworsky and Kap-
pen 1999), and in line with our results, Kim et al. (2009)
found Nestin-positive cells in the epithelial basal cell layer
of nasal polyps. To figure out if the expression of stem cell-
associated genes and proteins in nasal polyps is accompa-
nied with a certain differentiation potential, we determined
the cells capability to differentiate along the neuronal line-
age. Their prominent Nestin expression let assumes a pre-
disposition for neuroectodermal differentiation. The co-cul-
ture approach with rat brain tissue showed a transcriptional
increase of Nestin expression, but only a slight increase
of Nestin-positive cells. In conjunction with a strong up-
regulation of NF, an increase in neuronal differentiated
cells was suggested. Relating to the development of neu-
rons (Carden et al. 1987), NF expression appears with the
beginning of neurite formation and was found to be up-
regulated after co-cultivation. The differences of Nestin and
NF were marginal between co-culture and control cells, but
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detectable. This could be due to the short incubation time
of 48 h which did not allow the cells to completely differen-
tiate into a neuronal cell type. In addition, the expression of
aSMA, which indicates inhibition of mesodermal differen-
tiation and, therefore, a reduction provides further evidence
for a guided differentiation into the neuronal lineage, was
not affected by co-culture.

During co-culture experiments, nasal polyp cells and
rat brain biopsies shared the same cultivation media, but
were separated through a porous membrane, so that only
soluble factors unleashed from the rat brain could affect
the stem cell differentiation. Especially factors from

necrotic nerve tissue sections can induce neuronal dif-
ferentiation in adult stem cells (Anwar et al. 2008). Due
to this, we analyzed the media supernatants and detected
bFGF in the rat brain only approaches, which has neu-
rogenic properties (Komobuchi et al. 2010). The nasal
polyp cells themselves expressed IGFBP-2 and IGFBP-6
and were related to adult stem cells, which underlined the
existence of stem cells in nasal polyps (Huynh et al. 2011;
Petschnik et al. 2011; Ramalho-Santos et al. 2002). Due
to the use of FBS, factors which were already present in
the culture media were excluded from the analysis. When
we excluded all these factors from the rat brain biopsies,
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nasal polyp cells, and culture media, there is only one
factor we found in the supernatants of the co-culture
experiments, namely GM-CSF. Under normal conditions,
GM-CSF is a cytokine that induces the proliferation,
chemotactic migration of astrocytes, and microglia, and
has a neuroprotective effect (Guillemin et al. 1996; Lee
et al. 1994; Schibitz et al. 2008), but it was also secreted
by human oligodendrocytes, which were generated from
human neural stem cells (Kim et al. 2014). The nasal
epithelium is the first barrier against environmental fac-
tors like allergens, bacteria, or viruses, and responds by
producing cytokines which mediate the recruitment of
immunocompetent cells (Vroling et al. 2008). This leads
to (chronic) inflammatory conditions and the epithelium
must regenerate to restore its defensive functions (Wate-
let et al. 2006). This regenerative process may involve
stem cells with self-renewal and proliferation capacities
(Alison and Islam 2009). However, in the current lit-
erature, only little is known about the existence of stem
cells in nasal polyps. Until now, only a few research-
ers have addressed this issue. Cho et al. (2015) isolated
and characterized MSC in nasal polyps and proposed
nasal polyp-derived MSCs as an alternative source of
MSCs. Otherwise, Pezato et al. (2014) demonstrated that
bone marrow-derived MSCs had an immunoregulatory
effect on immune cells (especially T cells) derived from
nasal tissue affected by CRSwNP. Furthermore, MSCs
appeared to have healing modulation properties, which
impaired MSCs in the remodeling process (Pezato et al.
2016a), but further studies have to be done to clarify the
importance of MSCs in the pathogenesis of nasal pol-
yps. Besides MSCs, Nestin, and BMI-1, two candidates
for stem cell markers and renewal factors in human nasal
mucosa were localized to the epithelium and submucosal
glands of normal nasal mucosa and nasal polyps (Kim
et al. 2009). In addition, basal cells in the nasal epithe-
lium showed stemness/progenitor characters with reduced
growth/proliferation dynamics (Yu et al. 2014).

In conclusion, our study demonstrated the expression of
stem cell-related markers in nasal polyps. Furthermore, we
characterized, for the first time, the stemness and neuronal
differentiation potential of nasal polyp cells. However, fur-
ther studies are necessary to validate the function of stem
cells in the pathogenesis of nasal polyps in chronic rhi-
nosinusitis, and if so, whether its therapeutic effectiveness
could represent a promising strategy in the future.
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