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IL-17A is involved in the activation of oxidative stress and inflammation in nasal epithelial cells. Hyaluronan (HA) in its high
molecular weight form (HMW-HA) shows anti-inflammatory responses in contrast to low and medium molecular weight HA
(LMW-HA and MMW-HA). The aim of this study was to investigate the pro- or anti-inflammatory biologic function of HA
at different molecular weight in an in vitro model of nasal inflammation IL-17A mediated. We evaluated the ERK1/2 and I𝜅B𝛼
phosphorylation, NF-𝜅B signal pathway activation, ROS production, IL-8 andNOX-4 protein, andmRNA levels, in nasal epithelial
cells RPMI 2650 stimulated with recombinant human (rh) IL-17A. Furthermore, the cells were treated with HMW-HA,MMW-HA,
LMW-HA, and U0126. Our results showed that rhIL-17A increased the ERK1/2, I𝜅B𝛼 phosphorylation and NF-𝜅B signal pathway
activation, ROS production, IL-8 andNOX-4 proteins, andmRNA levels.The addiction ofHMW-HAorU0126 showed a significant
downregulatory effect on inflammation due to the rhIL-17A stimulation in nasal epithelial cells. IL-17A is able to generate oxidative
stress and inflammation via the activation of ERK1/2/NF-𝜅B pathway in nasal epithelial cells. The HMW-HA might represent a
coadjuvant of the classic anti-inflammatory/antioxidative treatment of nasal epithelial cells during IL-17A nasal inflammation.

1. Introduction

Allergic rhinitis is an extremely common medical problem
characterized by nasal congestion, clear rhinorrhea, sneezing,
and itching. The presence of an uncontrolled inflammation
in the upper airways may compromise the control of allergic
rhinitis with a consequent progression of the diseases [1].
IL-17A and oxidative stress are involved in the development
and progression of allergic rhinitis by the activation of nasal
epithelial cells [2].

Hyaluronan (HA) is a glycosaminoglycan widely dis-
tributed in tissues and is a normal constituent of airway
secretions [3, 4]. It is a major component of the extracellular
matrix and it plays a key role in regulating inflammation that

is associatedwith accumulation and turnover ofHApolymers
by multiple cell types. Increasingly through the years, HA
has become recognized as an active participant in inflam-
matory, angiogenic, fibrotic, and cancer promoting processes
[5].

In the airways, HA is produced by submucosal glands and
by superficial airway epithelial cells [6, 7]. It is synthesized
by hyaluronan synthases (HAS) at the plasma membrane
and normally released, as a high molecular weight polymer
(HMW) (>1000 kDa), into the extracellular milieu [8, 9].
Low molecular weight HA (LMW, defined as <500 kDa) can
be produced by the breakdown of HMW-HA to LMW-HA,
or by de novo synthesis by hyaluronan synthases during
inflammatory process [10, 11].The differential activities of HA
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and its degradation products are due, in part, to regulation of
multiple HA-binding proteins, including cluster of differenti-
ation 44 (CD44) [10].

Most HA functions have been shown to be size-
dependent: the HMWmolecules have been reported to exert
anti-inflammatory and immunosuppressive effects, while
LMW stimulate gene expression and synthesis of proinflam-
matory protein such as cytokines and chemokines [10, 12].
These results strongly support the role ofHA andHA-binding
proteins in lung pathobiology of asthma [13, 14]. HA appears
in low concentrations in bronchoalveolar lavage fluid (BAL)
from healthy individuals and is elevated in BAL of asthma
patients [15, 16]. The concentration of HA in BAL was found
to significantly correlate with the severity of asthma [17].
However, the role of HA homeostasis in human asthma and
allergic rhinitis has not been thoroughly explored. In vitro
studies showed that LMW-HA induces, via ERK1/2 and NF-
𝜅B signaling, the production of IL-8 in transformed bronchial
epithelial cells [18], suggesting that LMW-HA is able to play
a role in acute lung inflammation. However, there were no
studies showing the role of LMW-HA in nasal inflammation
during allergic rhinitis.

HA is an endogenous compound having an important
role in mucociliary clearance and mucosal surface healing
and repair of nasal epithelial cells [19]. It was observed that
the addition of sodium HA to intranasal corticosteroid and
systemic antihistamine reduced the neutrophil count seen
on nasal cytology in patients with allergic and nonaller-
gic rhinitis and improved several clinical and endoscopic
parameters while being well tolerated. Furthermore, the use
of intranasal sodium HA in patients undergoing functional
endoscopic sinus surgery for nasal polyposis augmented the
improvement in mucociliary clearance observed following
this procedure and improved several clinical and endoscopic
parameters [19, 20].These data provide encouraging evidence
of the beneficial effects of sodium HA in the care of patients
with altered function of nasal epithelial cells and suggest its
potential involvement in the control of nasal inflammation
and oxidative stress.

We aimed to perform a study to test the use of
LMW-HA (500 kDa), MMW-HA (∼900 kDa), and HMW-
HA (∼1600 kDa) in an in vitromodel of oxidative stress (ROS
production and NOX-4 expression) and inflammation (IL-8
synthesis) generated by rhIL-17A in nasal epithelial cells.This
studymight be appropriate to identify the potential therapeu-
tic application of HMW-HA as coadjuvant of the classic anti-
inflammatory treatment in the pathological inflammation
and oxidative stress generated in nasal epithelium during the
chronic inflammation of the airways.

2. Materials and Methods

2.1. Nasal Epithelial Cell Cultures. RPMI 2650 cell lines
(ATCC-CCL-30) were purchased from American Type Cul-
ture Collection (ATCC; Rockville, MD, USA) and supplied at
Passage 26. This line represents an appropriate in vitro nasal
model able to grow a polarized epithelium resembling nasal
mucosa [21]. Cells were cultured in complete culturemedium
(MEM minimum essential media containing 10% FCS,

L-glutamine 2mM, gentamicin 50mg/mL, MEM NEAA
0.5%, and sodium pyruvate 1 nM).

2.2. Stimulation of RPMI 2650 Cells. The cells were seeded in
standard six-well culture plates in MEM 10% FCS and grown
to 60–70% confluence prior to treatment. RPMI 2650 cells
were stimulated with recombinant human IL-17A (rhIL-17A)
(R&D Systems, Minneapolis, MN) (20 ng/mL) as previously
described [2].

To determine the role of the MAPK pathways in the
activation of oxidative stress and IL-8 production, RPMI 2650
cells were stimulatedwith rhIL-17A for 30min, 6 hrs, or 18 hrs
in the presence or absence of inhibitor U0126 (1,4-diamino-
2,3-dicyano-1,4-bis(o-aminophenylmercapto) butadienemo-
noethanolate) (25𝜇M) (Sigma-Aldrich s.r.l., Milan, Italy)
(specific inhibitor of MEK1 and MEK2 MAP kinase kinase;
MAPKK).TheRPMI 2650 cells were stimulated with phorbol
12-myristate 13-acetate (PMA, 50 ng/mL) as positive control
for ERK1/2 (extracellular-signal-regulated kinases) and I𝜅B𝛼
(nuclear factor of kappa light polypeptide gene enhancer in
B-cells inhibitor, alpha) activation.

To test the activity of different HA molecular weight on
the oxidative stress and IL-8 production, RPMI 2650 cells
were stimulated with rhIL-17A for 30min, 6 hrs, or 18 hrs
in the presence or absence of HMW-HA (1600 kD, IALU-
CLENNY, 0.12%, Chiesi Farmaceutici S.p.A.) (100 𝜇g/mL) or
MMW-HA (900 kDa, YABRO, 0.3%, Ibsa Farmaceutici Italia)
(100 𝜇g/mL) or LMW-HA (370 kDa, cod. H7630, Sigma
Chemical Co. St. Louis, MO) (100 𝜇g/mL). To confirm the
specific action ofHA,HMW-HA sampleswere degradedwith
Streptomyces hyaluronidase (HAdase, catalyzing the random
hydrolysis of HA) (0.05 Units/2 𝜇g) (Sigma Chemical Co., St.
Louis, MO) at 60∘C for 72 hours followed by 10 minutes at
65∘C.

2.3. ERK1/2, pI𝜅B𝛼, andNF-𝜅BActivation. Theeffect of rhIL-
17A on ERK1/2 and I𝜅B𝛼 activation was evaluated in RPMI
2650 cells stimulated for 30 minutes. We performed western
blot analysis in total cell lysates and nuclear extracts. In total
extract, we studied pERK1/2 using an anti-phospho ERK1/2
rabbit monoclonal antibody, pI𝜅B𝛼 using an anti-phospho
I𝜅B𝛼 rabbit antibody (Cell Signaling Technology, Beverly,
MA), and anti-𝛽-actin (Sigma St. Louis, MO). In nuclear
extracts, we studied the nuclear translocation ofNF-𝜅B, using
an anti NF-𝜅B p65 (C-20) antibody (Santa Cruz Biotech-
nology, Inc., MI, Italy). Nuclear extracts were obtained by
NE-PER Nuclear and Cytoplasmic Extraction Kit (Thermo
Scientific), providing an efficient cell lysis and separate
cytoplasmic and nuclear protein fractions by centrifugation.
Additionally, we evaluated ERK1/2 and NF-𝜅B activation
using two commercially available ELISA kits (SuperArray
Bioscience, Frederick,MD) thatmeasure phosphorylated and
total ERK1/2, as well as phosphorylated and total NF-𝜅B.
Results are expressed, respectively, as pERK1/2/tERK1/2 ratio
and pNF-𝜅B/tNF-𝜅B ratio and normalized to protein con-
tent.

2.4. Detection of Intracellular ROS. The intracellular reactive
oxygen species (ROS) generation was evaluated in RPMI
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2650 stimulated with rhIL-17A (20 ng/mL) for 6 hrs. The
cells were trypsinised, washed in PBS, collected in FACS
tubes, and then incubated with 1mM of the oxidant-sensitive
dye 2,7-dichlorofluorescein diacetate (DCFH-DA) in PBS for
10min in the dark at room temperature. After washing, cells
were suspended in PBS and then analysed by flow cytometry
for fluorescence positive cells using a FACSCalibur� flow
cytometer (Becton Dickinson, Mountain View, CA, USA).
Negative controls consisted of RPMI 2650 cells cultured
withoutDCFH-DA.Gating on the cells, excluding debris, was
performed using forwards and sideways scatter patterns.

2.5. Detection of NOX-4 and IL-8 by Western Blot. NOX-
4 (NADPH oxidase) and IL-8 were evaluated in RPMI
2650 stimulated with rhIL-17A for 18 hrs in the presence
or absence of HAs. Total proteins were extracted from
stimulated RPMI 2650 cells using a lysis buffer (NaCl 50mM,
Tris-HCl 10mM, EDTA 5mM, and NP-40 1%) containing
protease and phosphatase inhibitors. Protein concentration
was assessed using the Bradford method. The total protein
extracts were separated by SDS-PAGE on 10% gradient gels
followed by electroblotting onto nitrocellulose membranes.
Western blot was performed using a primary rabbit poly-
clonal anti-NOX-4 (H-330, Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA) and a mouse monoclonal anti-IL-8 (B-
2, Santa Cruz Biotechnology, Inc., Santa Cruz, CA). 𝛽-
actin (Sigma-Aldrich) was used as a housekeeping protein
to control the total amount of protein in each sample. Pri-
mary antisera were visualized with horseradish peroxidase-
conjugated secondary antibody (Sigma-Aldrich, St. Louis,
MO) and developed with an enhanced chemiluminescence
system (GE Healthcare, Chalfont St. Giles, UK). Approx-
imate molecular masses were determined using calibrated
prestained standards (GE Healthcare).

2.6. Quantitative Real-Time Reverse Transcription-Polymerase
Chain Reaction (RT-PCR) of NOX-4 and IL-8. Total RNA
was extracted from RPMI 2650 cells with TRIzol Reagent
(Invitrogen) following the manufacturer’s instructions and
was reverse-transcribed into cDNA, using M-MLV-RT and
oligo (dT)

12-18 primer (Invitrogen). Quantitative real-time
PCR of NOX-4 and IL-8 transcripts was carried out on
StepOne Plus Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA) using specific FAM-labeled probe
and primers (prevalidated TaqMan Gene Expression Assay
for NOX-4, Hs00418356m1, and IL-8, Hs00174103m1; Assays
on Demand, Applied Biosystems). NOX-4 and IL-8 gene
expression were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) endogenous control gene. Relative
quantitation of gene expression was carried out with the
comparative CT method (2−ΔΔCt) and was plotted as fold
change compared to untreated cells chosen as the reference
sample.

2.7. Gel Image Evaluation. Gel images were taken with an
EPSON GT-6000 scanner and then imported into a National
Institutes of Health Image analysis 1.61 program to determine
band intensities. Data are expressed as arbitrary densitomet-
ric units corrected against the density of 𝛽-actin bands.

2.8. Statistics. We tested normal distribution of the data with
Kolmogorov–Smirnov test. Analysis of variance (ANOVA)
corrected with Fisher’s test and 𝑡-test were used for compar-
isons. Data are expressed as mean ± standard deviation (SD).
𝑝 < 0.05 was accepted as statistically significant.

3. Results

3.1. ERK1/2 and I𝜅B𝛼 Activation in RPMI 2650 Stimulated
with rhIL-17A. The stimulation of RPMI 2650 with rhIL-17A
for 30 minutes significantly increased pERK1/2 and pI𝜅B𝛼
activation in comparison to untreated cells (𝑝 < 0.0001)
by western blot analysis. The preincubation of the cells with
U0126 (25 𝜇M) significantly decreased the levels of pERK1/2
and pI𝜅B𝛼, as observed in the cells stimulated with rhIL-17A
(𝑝 < 0.0001) (Figure 1(a)). Accordingly, the levels of pERK1/
2/total ERK1/2 ratio and pNF-𝜅B/total NF-𝜅B ratio signifi-
cantly increased in the cells stimulated with rhIL-17A (𝑝 <
0.002 and 𝑝 < 0.0001, resp.) and showed a statistically signi-
ficant decrease when the cells were preincubated with U0126
(𝑝 < 0.003 and 𝑝 < 0.002 resp.) (Figure 1(b)).

3.2. ROS Production, NOX-4, and IL-8 Proteins in RPMI
2650 Stimulated with rhIL-17A. TheROS production showed
a significant increase in RPMI 2650 cells stimulated for
6 hrs with rhIL-17A (20 ng/mL) (𝑝 < 0.001), compared to
untreated cells. The pretreatment of the cells with U0126
(25 𝜇M) significantly decreased ROS production in RPMI
2650 cells stimulated with rhIL-17A (𝑝 < 0.02) (Figure 2(a)).

NOX-4 and IL-8 protein significantly increased in RPMI
2650 cells stimulated for 18 hrs with rhIL-17A (20 ng/mL)
(𝑝 < 0.0001 and 𝑝 < 0.0002), in comparison to untreated
cells. The preincubation of RPMI 2650 cells with U0126
(25 𝜇M) significantly decreased NOX-4 (𝑝 < 0.0005) and IL-
8 production (𝑝 < 0.002) in nasal epithelial cells stimulated
with rhIL-17A (Figure 2(b)).

3.3. Effect of HMW-HA,MMW-HA, and LMW-HAonERK1/2
and NF-𝜅B Activation. The pretreatment of the RPMI 2650
with HMW-HA significantly inhibited the levels of pERK1/2
(𝑝 < 0.0001) and pI𝜅B𝛼 (𝑝 < 0.0001) in the cells stimulated
with rhIL-17A, compared to the cells treated with rhIL-17A
alone (Figure 3(a)). Accordingly, the pretreatment of the
RPMI 2650 with HMW-HA significantly reduced the pERK/
total ERK ratio and pNF-𝜅B/total NF-𝜅B ratio in the cells
stimulated with rhIL-17A compared to the cells treated with
rhIL-17A alone (𝑝 < 0.002, 𝑝 < 0.02, resp.) (Figure 3(b)).
Conversely, the pretreatment of the RPMI 2650 with MMW-
HA and LMW-HA did not control the activity of rhIL-17A on
ERK1/2 and NF-𝜅B pathway activation.

3.4. Effect of HMW-HA, MMW-HA, and LMW-HA on ROS
Production, NOX-4, and IL-8 Synthesis. The pretreatment
of RPMI 2650 with HMW-HA and MMW-HA reduced the
induction of ROS production in the cells stimulated with
rhIL-17A compared to the cells treated with rhIL-17A alone
(𝑝 < 0.002 and 𝑝 < 0.03, resp.). Conversely, the pretreat-
ment of the cells with LMW-HA did not affect the ROS
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Figure 1: Effect of U0126 inhibitor on ERK and I𝜅B𝛼 phosphorylation in RPMI 2650 cells stimulated with rhIL-17A.The cells were stimulated
with rhIL-17A (20 ng/mL) or PMA (50 ng/mL) for 30min in absence or presence of U0126 (25𝜇M). (a) pERK and pI𝜅B𝛼 protein expression
were evaluated in the cell lysates by western blot. The results were expressed as ratio of band intensity and 𝛽-actin of 3 separate experiments.
Representative gel images of pERK, pI𝜅B𝛼, and 𝛽-actin are shown. (b)The activation of ERK1/2 and NF-𝜅B for each experimental condition
was tested for the pERK1/2/total ERK1/2 ratio and for the pNF-𝜅B/total NF-𝜅B, respectively, by ELISA and normalized for protein content.
ANOVA with Fisher’s test correction was used for the analysis of the data. 𝑝 < 0.05 was statistically significant.

production generated by rhIL-17A stimulation in RPMI 2650
(Figure 4(a)).

The pretreatment of RPMI 2650 cells with HMW-HA
significantly inhibited NOX-4 and IL-8 synthesis (𝑝 <
0.0009, 𝑝 < 0.0001, resp.) in the cells stimulated with rhIL-
17A compared to the cells treated with rhIL-17A alone

(Figure 4(b)). Conversely, the pretreatment of the RPMI 2650
withMMW-HA and LMW-HA did not control the activity of
rhIL-17A on NOX-4 and IL-8 synthesis.

3.5. Effect of U0126, HMW-HA, MMW-HA, and LMW-HA
on Nuclear NF-𝜅B Translocation. The stimulation of RPMI
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Figure 2: Effect of U0126 inhibitor in RPMI 2650 cells stimulated with rhIL-17A. (a)The cells were stimulated with rhIL-17A (20 ng/mL) for
6 hrs in absence or presence of U0126 (25 𝜇M). ROS production was evaluated in the cells by flow cytometry. The bars represent the mean ±
SD of 3 separate experiments. Representative flow cytometry are shown; (b) the cells were stimulated with rhIL-17A (20 ng/mL) for 18 hrs in
absence or presence of U0126 (25𝜇M). NOX-4 and IL-8 protein expression were evaluated in the cell lysates by western blot.The results were
expressed as ratio of band intensity and 𝛽-actin of 3 separate experiments. Representative western blot is shown. ANOVA with Fisher’s test
correction was used for the analysis of the data. 𝑝 < 0.05 was statistically significant.

2650 with rhIL-17A for 30minutes significantly increased the
nuclear translocation of NF-𝜅B in comparison to untreated
cells (𝑝 < 0.0001) that was significantly decreased when the
cells were preincubated with U0126 (25𝜇M) (𝑝 < 0.0001)
(Figure 5(a)). The pretreatment of RPMI 2650 cells with
HMW-HA significantly inhibited the nuclear levels of NF-𝜅B
(𝑝 < 0.0001) in the cells stimulated with rhIL-17A compared
to the cells treated with rhIL-17A alone. Conversely, the
pretreatment of the RPMI 2650 with MMW-HA and LMW-
HA did not control the activity of rhIL-17A on nuclear
translocation of NF-𝜅B (Figure 5(b)).

3.6. Effect of U0126, HMW-HA,MMW-HA, and LMW-HA on
NOX-4 and IL-8 mRNA. Despite the data on the expression
of NOX-4 protein, we did not observe modification of NOX-
4 mRNA transcript in the cells stimulated with rhIL-17A
for 2, 6, and 18 hrs in the presence or absence of HAs (data
not shown). The stimulation of RPMI 2650 with rhIL-17A
for 18 hrs significantly increased the levels of IL-8 mRNA
transcript in comparison to untreated cells (𝑝 < 0.0001). The
pretreatment of RPMI 2650 with U0126 (25𝜇M) significantly
decreased the levels of IL-8 mRNA in the cells stimulated

with rhIL-17A compared to the cells stimulated with rhIL-
17A alone (𝑝 < 0.0001). Furthermore, the pretreatment of
RPMI 2650 with HMW-HA (𝑝 < 0.0001) and MMW-HA
(𝑝 < 0.01)significantly decreased the levels of IL-8 mRNA
in the cells stimulated with rhIL-17A compared to the cells
stimulated with rhIL-17A alone. Conversely, the pretreatment
of the RPMI 2650 with LMW-HA did not control the activity
of rhIL-17A on the levels of IL-8 mRNA (Figure 6).

3.7. Effect of HAdase HMW-HA on ROS Production, NOX-
4, and IL-8 Synthesis. ROS production was significantly
increased in RPMI 2650 treated with HMW-HA digested
with HAdase (HAdase HMW-HA) in comparison to RPMI
2650 treated with HMW-HA before the stimulation with
rhIL-17A for 6 hrs (Figure 7(a)). NOX-4 and IL-8 synthesis
were significantly increased in RPMI 2650 treated with
HMW-HA digested with HAdase (HAdase HMW-HA) in
comparison to RPMI 2650 treated with HMW-HA before the
stimulation with rhIL-17A for 18 hrs (Figures 7(b) and 7(c)).
However, we underlined that RPMI 2650 treated with rhIL-
17A and HAdase HMW-HA showed statistically significant
lower levels of ROS, NOX-4, and IL-8 than the cells treated
with rhIL-17A alone (Figures 7(a), 7(b), and 7(c)).
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Figure 3: Effect ofHMW-HA,MMW-HA, and LMW-HAonERK1/2 andNF-𝜅B signal pathway in RPMI 2650 cells stimulatedwith rhIL-17A.
The cells were preincubated with HMW-HA (100𝜇g/mL), MMW-HA (100𝜇g/mL), and LMW-HA (100 𝜇g/mL) for 1 h and then stimulated
with rhIL-17A (20 ng/mL) for 30min; (a) pERK and pI𝜅B𝛼 protein expression were evaluated in the cell lysates by western blot. The bars
represent the ratio of band intensity and 𝛽-actin of 3 separate experiments. Representative gel images of pERK, pI𝜅B𝛼, and 𝛽-actin are shown;
(b) the activation of ERK1/2 and NF-𝜅B for each experimental condition was tested for the pERK1/2/total ERK1/2 ratio and pNF-𝜅B/total
NF-𝜅B ratio by ELISA and normalized for protein content. ANOVAwith Fisher’s test correction was used for the analysis of the data. 𝑝 < 0.05
was statistically significant.
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Figure 4: Effect of HMW-HA,MMW-HA, and LMW-HA in RPMI 2650 cells stimulated with rhIL-17A. (a)The cells were preincubated with
HMW-HA (100 𝜇g/mL), MMW-HA (100𝜇g/mL), and LMW-HA (100 𝜇g/mL) for 1 h and then stimulated with rhIL-17A (20 ng/mL) for 6 hrs.
ROS production was evaluated in the cells by flow cytometry. The bars expressed mean ± SD of 3 separate experiments. Representative flow
cytometry is shown; (b) the cells were preincubated with HMW-HA (100 𝜇g/mL), MMW-HA (100𝜇g/mL), and LMW-HA (100 𝜇g/mL) for
1 h and then stimulated with rhIL-17A (20 ng/mL) for 18 hrs. NOX-4 and IL-8 protein synthesis were evaluated in the cell lysates by western
blot.The bars represent the ratio of band intensity and 𝛽-actin of 3 separate experiments. Representative western blot is shown. ANOVAwith
Fisher’s test correction was used for the analysis of the data. 𝑝 < 0.05 was statistically significant.

4. Discussion

This study suggests the potential role of HMW-HA rather
than MMW-HA as coadjuvant of the classic anti-inflamma-
tory treatment during the nasal inflammatory and oxida-
tive process IL-17A mediated. Indeed, our current findings
identified the potential ancillary role of HMW-HA in the
regulation of oxidative stress (ROS, NOX-4) and IL-8 syn-
thesis generated by epithelial cells during nasal inflammation.
Particularly in our in vitromodel, we identify that HMW-HA
might be able to control the mechanism of oxidative stress

and inflammation blocking the ERK1/2 intracellular signal
pathway activation involved in the NF-𝜅B transcriptional
mechanism regulation (Figure 8: graphical abstract).

IL-17 cytokines promote tissue inflammation via the
induction of other proinflammatory cytokines and chemo-
kines. Moreover, several studies in humans have demon-
strated that Th17 immunity is involved in the pathogenesis
of allergic diseases [22] with a potential role in the severity of
the disease [23, 24].The activity of IL-17A ismediated by IL-17
receptor (IL-17R) expressed by both blood cells and structural
cells including T-cells and the airway epithelial cells [25].
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Figure 5: Effect of U0126, HMW-HA, MMW-HA, and LMW-HA on nuclear translocation of NF-𝜅B in RPMI 2650 cells stimulated with
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The bars represent ratio of band intensity and 𝛽-actin of 3 separate experiments. Representative gel images of NF-𝜅B and 𝛽-actin are shown.
ANOVA with Fisher’s test correction was used for the analysis of the data. 𝑝 < 0.05 was statistically significant.

U
nt

re
at

ed
ce

lls

IL
-8

 m
RN

A
 ex

pr
es

sio
n

p < 0.0001

p < 0.0001p < 0.0001

p < 0.01

rh
IL

-1
7A

U
01

26
 

rh
IL

-1
7A

rh
IL

-1
7A

H
M

W
-H

A

rh
IL

-1
7A

M
M

W
-H

A

rh
IL

-1
7A

LM
W

-H
A

0

0.5

1.0

1.5

2.0

2.5

(fo
ld

 ch
an

ge
 ab

ov
e u

nt
re

at
ed

 ce
lls

)

Figure 6: Effect of HMW-HA, MMW-HA, LMW-HA, and U0126
on IL-8 mRNA transcript. The cells were preincubated with HMW-
HA (100𝜇g/mL), MMW-HA (100𝜇g/mL), LMW-HA (100𝜇g/mL),
and U0126 (25 𝜇M) for 1 h and then stimulated with rhIL-17A
(20 ng/mL) for 18 hrs to study IL-8mRNA.mRNA levels were quan-
tified by quantitative Real-Time PCR (seeMaterials andMethods for
details).The bars represent themean± SDof 3 separate experiments.
ANOVAwith Fisher’s test correction was used for the analysis of the
data. 𝑝 < 0.05 was statistically significant.

In this scenario, IL-17A in allergic rhinitis and asthma may
cover both the innate and the adaptive aspects representing
the crucial crosstalk between immune system and structural
cells such as fibroblasts and airway epithelial cells [26, 27]. On
the other hand, higher levels of IL-17A were observed in the
nasal wash from children with allergic rhinitis compared to
healthy control [2], suggesting the relevant action of IL-17A
in the nasal inflammation.

RPMI 2650 cell line used in this study has been shown
to closely resemble normal human upper airway epithelium
with respect to its karyotype, cytokeratin expression, and the
presence ofmucoidmaterial on the cell surface andwas previ-
ously used to study interactions of the airway epitheliumwith
cytokines and allergens [21, 28, 29]. The use of RPMI 2650
nasal epithelial cells in the current study reflects our intent
to understand the molecular and signaling underpinnings of
the activity of IL-17A on nasal epithelial cells and whether
the HMW-HA can protect the nasal epithelium from IL-17A
mediated inflammation.

Nuclear factor- (NF-) 𝜅B, which consists of p50 and
p65 subunits, is pivotal in the regulation of many genes
including cytokines, chemokines, and adhesion molecules.
Activation of NF-𝜅B is dependent on the phosphorylation
and degradation of I𝜅B, an endogenous inhibitor that binds
to NF-𝜅B in the cytoplasm.The released NF-𝜅B then translo-
cates to the nucleus where it binds to specific NF-𝜅B DNA
binding sites and initiates gene expression. NF-𝜅B activates
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Figure 7: Specific effect of HMW-HA in RPMI 2650 cells stimulated with rhIL-17A. HMW-HA was incubated with HAdase 2.5 units/100𝜇g
(60∘C for 72 hrs plus 65∘C for 10min). The cells were preincubated with HMW-HA (100 𝜇g/mL) or HAdase treated HMW-HA for 1 h and
stimulated with rhIL-17A (20 ng/mL) for 6 hrs for ROS or 18 hrs for NOX-4 and IL-8. (a) ROS production was evaluated in the cells by flow
cytometry. Representative flow cytometry is shown.The results were expressed as the mean ± SD of 3 separate experiments; (b-c) NOX-4 and
IL-8 protein synthesis were evaluated in the cell lysates by western blot. The bars represent ratio of band intensity and 𝛽-actin of 3 separate
experiments. Representative western blot is shown. ANOVA with Fisher’s test correction was used for the analysis of the data. 𝑝 < 0.05 was
statistically significant.
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gene expression from NF-𝜅B sites in association with the
transactivation domains located in the carboxyl-terminus of
the p65 protein [30, 31]. ERK1/2 andNF-𝜅B play an important
role in IL-17A-induced cytokine in human airway smooth
muscle cells in vitro [32].We demonstrated that IL-17A is able
to activate ERK1/2 and I𝜅B𝛼 phosphorylation, together with
the nuclear translocation of NF-𝜅B reduced using a specific
inhibitor of MEK1 and MEK2 MAP kinase kinase inhibitor
U0126 in nasal epithelial cells. These findings might suggest
that IL-17A activity generates the NF-𝜅B translocation to
the nucleus via MEKK1 signaling cascades, promoting an
increase of NF-𝜅B at binding sites of genes involved in nasal
epithelial cells activation during airway inflammation.

NOX-4, localized mainly in the epithelial layer, may play
an important role in reactive oxygen species production,
contributing to the oxidative stress in allergic rhinitis and
nasal polyp tissues [33]. NOX family is a key component of
the so-called redox signaling system regulating many cellular
responses by intracellular ROS content [34]. IL-17A increases
oxidative/nitrosative markers, likely via ERK1/2 downstream
signaling in bronchial epithelial cells [35]. Accordingly, we
found that IL-17A is able to activate ROS production and
NOX-4 expression in nasal epithelial cells reduced by the use
of the specific inhibitor U0126. These findings might suggest
that IL-17A generates endogenous ROS via MEKK1 signaling
cascades able to promote NF-𝜅B activity at the binding site of
NOX-4 in nasal epithelial cells.

Several in vitro studies have shown that recombi-
nant IL-17A is able to induce IL-6, IL-8, granulocyte col-
ony-stimulating factor (GCS-F), nitric oxide (NO), and

prostaglandin E2 (PGE2) in airway epithelial cells [36].
RhIL-17A promotes the release of IL-8 in both nasal and
bronchial epithelial cells [2] and IL-17A-induced IL-8 pro-
duction p38, extracellular-signal-related kinase (ERK), and
phosphoinositide-3-kinase (PI3K) pathways, and the latter
appeared to be involved in IL-17A-induced GC insensitivity
[37]. In our study, IL-17A is able to activate IL-8 production
in terms of protein and mRNA in nasal epithelial cells that
was reduced by the use of the specific inhibitor U0126. In this
scenario, our findingsmight suggest that IL-17A generates IL-
8 synthesis via MEKK1 signaling cascades able to promote
NF-𝜅B activity at the binding site of NOX-4 in nasal epithelial
cells.

Hyaluronan is the main glycosaminoglycan (80%) pro-
duced by the respiratory mucosa and represents the main
component of the film covering the upper airways. Together
with chondroitin sulfate and heparan sulfate, it stratifies on
the mucosal epithelial cells. Its topical use increases and
improves the healing process, supporting the nasal functions
of restoring and the mucosal tropism. Furthermore, the
administration of hyaluronan can protect the sinonasal epi-
thelium from inflammatory and surgical damage although
there were no clear data about the cellular and molecular
mechanism by which it can act [38]. Recent studies revealed
increased amounts of total HA and LMW-HA in animal
models of acute lung injury [39–42]. Furthermore, LMW-HA
can induce the expression of several proinflammatory cyto-
kines, including IL-8 [42–44]. Moreover, HMW-HA can
inhibit LPS-activated PI3K/Akt pathway leading to downreg-
ulation of NF-𝜅B with diminished IL-6 production through
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interaction with ICAM-1 in lipopolysaccharide (LPS-) stim-
ulated U937 macrophages [43]. Additionally, HA suppresses
advanced glycation end product (AGE-) induced expression
of proinflammatory cytokines and NF-𝜅B nuclear translo-
cation in J774 mouse macrophages [44]. ERK1/2 and NF-
𝜅B inhibitors significantly abrogate the response to HMW-
HA, suggesting an important role for HA in the regulation of
epicardial cell fate via activation ofMEKK1 signaling cascades
[34]. Accordingly with these observations, we demonstrated
that HMW-HA, rather than MMW-HA or LMW-HA, is
able to downregulate the activation of ERK1/2 and I𝜅B𝛼
phosphorylation and nuclear translocation of NF-𝜅B as well
as the related ROS, IL-8, and NOX-4 protein. These findings
suggest that HMW-HA with the involvement of MEKK1
signaling cascades and NF-𝜅B activity in nasal epithelial
cells might be able to exercise a protective role in nasal
inflammation and did not increase inflammation. In contrast,
in our in vitro model, LMW-HA or MMW-HA did not
affect the biological activity of IL-17A in nasal epithelial
cells. Finally, the use of hyaluronidase in the experimental
condition, responsible for the HMW-HA fragmentation in
nasal epithelial cells culture, reduced the protective action of
HMW-HA confirming its specific activity. Additionally, we
observed that RPMI 2650 treated with rhIL-17A and HMW-
HA digested with HAdase showed statistically significant
lower levels of ROS, NOX-4, and IL-8 than the cells treated
with rhIL-17A alone. This data suggest a residual activity
of HMW-HA in the presence of Streptomyces HAdase. This
action is in accord with a random endolytic action pattern of
Streptomyces HAdase due to the presence of some resistant
(less susceptible to enzymolysis) sites, ascribed to restricted
enzyme access, in the HA polymer [45]. Nevertheless, our
findings clearly provide data on a protective effect of HMW-
HA. In this scenario, our results clearly support the protective
peculiarity of HMW-HA in the control of the nasal epithelial
cell activation during the inflammatory process generated
by IL-17A. However, further studies might be necessary
to better clarify whether the protective activity of HMW-
HA is associated with chemical-physical mechanism or with
receptor activity in the nasal epithelium. Finally, while IL-
8 mRNA transcript reflects the related protein expression,
NOX-4 mRNA transcript was not modulated in our study.
Accordingly, it was observed that NOX-4 mRNA is regulated
at both transcriptional and posttranscriptional levels, and
often, the level of NOX-4 mRNA does not accurately reflect
NOX-4 protein expression and functions [46].

5. Conclusions

This study identified for the first time that HMW-HA is able
to downregulate the mechanism of uncontrolled oxidative
stress and inflammation typical of upper airway diseases.
Indeed, our results provided encouraging evidence to support
possible beneficial effects of HMW-HA in the care of patients
with altered function of nasal epithelial cells, supporting
its potential ancillary role as coadjuvant of the classic anti-
inflammatory treatment of the nose. However, additional
clinical studies should be performed to assess the usefulness
of these observations in clinical practice.
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