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Abstract

Chitin is produced in large amounts by fungi, insects, and other organisms and has been
implicated in the pathogenesis of asthma. Airway epithelial cells are in direct contact with
environmental particles and serve as the first line of defense against inhaled allergens and
pathogens. The potential contributions of airway epithelial cells to chitin-induced asthma
remain poorly understood. We hypothesized that chitin directly stimulates airway epithelial
cells to release cytokines that promote type 2 immune responses and to induce expression
of molecules which are important in innate immune responses. We found that chitin expo-
sure rapidly induced the expression of three key type 2-promoting cytokines, IL-25, IL-33
and TSLP, in BEAS-2B transformed human bronchial epithelial cells and in A549 and H292
lung carcinoma cells. Chitin also induced the expression of the key pattern recognition
receptors TLR2 and TLR4. Chitin induced the expression of miR-155, miR-146a and miR-
21, each of which is known to up-regulate the expression of pro-inflammatory cytokines.
Also the expression of SOCS1 and SHIP1 which are known targets of miR-155 was
repressed by chitin treatment. The monoterpene phenol carvacrol (Car) and its isomer thy-
mol (Thy) are found in herbal essential oils and have been shown to inhibit allergic inflam-
mation in asthma models. We found that Car/Thy inhibited the effects of chitin on type 2-
promoting cytokine release and on the expression of TLRs, SOCS1, SHIP1, and miRNAs.
Car/Thy could also efficiently reduce the protein levels of TLR4, inhibit the increase in TLR2
protein levels in chitin plus Car/Thy-treated cells and increase the protein levels of SHIP1
and SOCS1, which are negative regulators of TLR-mediated inflammatory responses. We
conclude that direct effects of chitin on airway epithelial cells are likely to contribute to aller-
gic airway diseases like asthma, and that Car/Thy directly inhibits epithelial cell pro-inflam-
matory responses to chitin.
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Introduction

Chitin is an essential component of the fungal cell wall and of the exoskeletons of crabs,
shrimp, and insects and is a common constituent of house dust [1, 2]. In humans, elevated
chitin exposure in the workplace and at home correlates with asthma and other allergic dis-
eases [2-4]. In animal models of asthma, chitin administration induced type 2 immune
responses, eosinophilic inflammation, and alternative macrophage activation [2, 5-8]. One
lung cell type implicated in the response to chitin is the macrophage. Chitin stimulation can
elicit production of IL-17A and TNF by macrophages via activation of the toll-like receptor
(TLR) 2 [5, 6]. The airway epithelium is a first line of defense against inhaled particles and
pathogens and is an important source of cytokines, including IL-25, IL-33, and TSLP, that
promote type 2 immune responses [9, 10]. Van Dyken et al. reported that chitin particles
induce inflammatory responses in lung and induce expression of IL-25, IL-33, and TSLP [11].
Roy et al. found that airway epithelial cells produce CCL2 (MCP-1) in response to chitin and
this response is required for chitin-induced M2 polarization and allergic inflammation in vivo
[12]. Other potential effects of chitin on airway epithelial cells remain unknown. However, the
finding that chitin stimulation of keratinocytes resulted in increased secretion of CXCLS, IL-
6, and TSLP and increased levels of TLR2 and TLR4 mRNA [7] suggests that direct effects of
chitin on airway epithelial cells may modulate multiple pathways which are important in
asthma.

Suppressor of Cytokine Signaling 1 (SOCS1) is a negative regulator of IL-4-dependent
pathways in vitro. Therefore, it might control type-2 immunity such as IL-5 and IL-13
induction and eosinophilic mucosal inflammation, which are implicated in allergic asthma
[13]. SH2 domain-containing inositol polyphosphate 5 phosphatase 1 (SHIP1) is believed
to be a negative regulator in a variety of cytokine, and growth factor signaling pathways in
different cell types. SHIP1 deficient mice develop spontaneous Th2 inflammation in the
lungs, demonstrating the importance of this molecule in controlling pulmonary immune
responses [14].

miRNAs are a class of gene regulators which bind to the 3’ untranslated regions of target
mRNAs and direct their post-transcriptional repression. miRNAs have emerged as important
regulators of TLR signaling [15]. In addition, several miRNAs have been shown to be up-
regulated in response to TLR ligands [16]. miR-155, miR-146a and miR-21 have important
roles in the pathogenesis of Th2 responses in asthma and other inflammatory diseases [17].
SOCS1 and SHIP1 are two direct targets of miR-155 that are important in immune
responses [18].

The plant-derived molecules carvacrol (Car) and thymol (Thy) have been shown to have
anti-inflammatory activity in asthma and other disease models but the basis of these effects is
incompletely understood. Car and its isomer Thy are major monoterpenic phenols found in
essential oils from aromatic plants. These bioactive compounds are known to possess an exten-
sive variety of pharmacological properties such as antioxidant, antimicrobial, anti-cancer and
anti-inflammatory activities [19-21]. In guinea pig models of allergic asthma, administration
of Car inhibited inflammation, tracheal hyper-reactivity and production of the type 2 cytokine
IL-4 [22]. Car/Thy has been reported to have effects on a variety of cell types, including T cells,
myeloid cells, and endothelial cells [19], but the possibility that Car/Thy may have direct effects
on airway epithelial cells has not been addressed previously.

In the present study, the first goal was to investigate whether chitin induces release of type 2
promoting cytokines and affects other epithelial cell pathways which are important in innate
immune responses. The second goal was to investigate whether Car/Thy affects epithelial cell
responses to chitin.
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Materials and Methods
Preparation of Chitin and Car/Thy

Chitin was derived from Mucor rouxii (ATCC 24905). Chitin particles were purified as previ-
ously described [23, 24]. Mean chitin particle size was ~40 pm. Chitin pellets were separated,
lyophilized and resuspended at a final concentration of 80 ug/ml based on a previous report
[12]. A mixture of Car and Thy (74% and 26%, respectively) was isolated from Origanum vul-
gare, as previously described [21]. We used Car/Thy at dose of 200 uM (equal to 30 pg/mL)
which had no effects on cell viability (S1 Fig) [25, 26]. To test for microbial contamination ali-
quots of the samples were incubated in LB broth. Chitin, Car/Thy and media each had endo-
toxin levels < 0.1 EU/ml as determined using the Limulus Amebocyte Lysate (LAL) kit (QCL-
1000, Lonza Group Ltd., Basel, Switzerland).

MTT assay

Cells were cultured in RPMI 1640 (Gibco-BRL, Grand Island, NY, USA) without phenol red
and treated for 24 h with chitin or Car/Thy at concentrations ranging from 50 to 1000 pg/mL.
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue, Sigma-
Aldrich, Munich, Germany, Cat. No. M5655) was added to wells containing cells at a final con-
centration of 0.5 mg/mL. Enzymatic conversion of MTT to formazan was detected by for color-
imetric analysis at a wavelength of 570 nm (BioTek ELx808, BioTek Instruments, Inc.
Winooski, VT, USA). All tests were done in triplicate. Cells treated with Triton-X100 (1%,
Sigma-Aldrich, Munich, Germany, Cat. No. T8787) were used as positive controls.

Cell growth conditions and treatment

Beas-2B epithelial cells from normal human bronchial epithelium, A549 human alveolar ade-
nocarcinoma cells, and H292 human muco-epidermoid lung carcinoma cells were cultured in
DMEM (Gibco-BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum
(FBS, Gibco-BRL, Grand Island, NY, USA), penicillin (50 IU/ml), and streptomycin (50 pg/ml)
(Gibco-BRL, Grand Island, NY, USA) and incubated at 37°C in 5% CO2. The number of viable
cells was determined by trypan blue exclusion. 1 x 10° cells were plated and grown overnight in
3 ml of medium in 6-well plates prior to cytokine and mRNA assay. The DMEM was aspirated
out from the cultures and fresh DMEM without serum containing the indicated concentrations
of Car/Thy or chitin was added into the plates. Also, Car/Thy was added together with chitin
as indicated. Poly (I:C) and LPS were added to the cultured cells in separate wells as positive
controls. Triplicate cultures were used for each condition. The number of viable cells after 24 h
exposure to each of the treatments was determined by trypan blue exclusion.

Real-Time Quantitative PCR

Total RNA was extracted from cell cultures using the RNeasy mini-kit (Qiagen GmbH, Hilden,
Germany), according to the manufacturer’s instructions. RNA was eluted from column to into
50 uL nuclease-free water and was stored at -80°C until use. RNA concentration and quality
were measured using a Nanodrop system (NanoDrop Technology, San Diego, CA, USA).
Reverse transcription of total RNA was done using iScript cDNA synthesis kit (Bio-Rad, Her-
cules, CA, USA) according to the manufacturer’s protocol. Real time PCR was carried out
using the SYBR Green method using following primers: TLR2: Forward: TGCTGCCATTCTCA
TTCTTCTG, Reverse: AGGTCTTGGTGTTCATTATCTTCC, TLR4: Forward: CAACCAAGAACC
TGGACCTG, Reverse: GAGAGGTGGCTTAGGC, SOCS1: Forward: CACCTTCTTGGTGCGCG,
Reverse: AAGCCATCTTCACGCTGAGCTCTG, SHIP1: Forward: GCGTACACCAAGCAGAAAGC,
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Reverse: GGACCGTTCTTGGAGACAAA, GAPDH: Forward: CCACTCCTCCACCTTTGACG,
Reverse: CCACCACCCTGTTGCTGTAG.

qPCR data were analyzed by the delta delta CT (ddCT) method [27] and normalized to
GAPDH. For miRNAs, reverse transcription of total RNA was done using TagMan specific RT
primers and reverse transcription kits (Applied Biosystems, Foster City, CA, USA). Quantita-
tive real time PCR was performed according to the manufacturer’s protocol using an ABI
7900HT system (Applied Biosystems, Foster City, CA, USA). Raw threshold cycle values were
normalized using RNU-6B (Cat#4427975, Thermo Fisher Scientific, San Jose, CA, USA) as the
internal control.

Measurement of cytokines

Levels of IL-25, IL-33 and TSLP in supernatants were assessed using ELISA kits (R&D systems,
Minneapolis, MN., USA). The data are presented as mean + SD of triplicate assays.

Western Blot

Cells were washed twice with PBS. Membrane and cytosol proteins were extracted according to
the manufacturer’s instructions using the Qproteome Cell Compartment Kit (Qiagen, Hilden,
Germany, Cat. No. 37502). Protein concentration was measured using the Bradford method.
Extracted proteins were resolved in sodium dodecyl sulphate-polyacrylamide (SDS) gel elec-
trophoresis under reducing conditions and then transferred to nitrocellulose. The blocking was
done using TBST buffer (25 mm Tris-HCI, pH8-0, 125 mm NaCl, 0-1% Tween 20) containing
5% fat-free milk. Blots were incubated with anti-Actin, anti-TLR2, anti-TLR4, anti-SOCS1,
anti-SHIP1 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and horseradish per-
oxidase (HRP)-conjugated IgG. The membranes were visualized using SuperSignal West Pico
Chemiluminescent Substrate (Thermo Fisher Scientific, San Jose, CA, USA, Cat. No. 34080).

Statistical analysis

MedCalc version 12 and GraphPad Prism version 6 were used for statistical analysis. All exper-
iments used triplicate cultures and material from each culture was analyzed in triplicate (e.g.,
three ELISAs or PCRs from each of three cell cultures). The normality of data was checked by
Kolmogorov-Smirnov test. Non-linear three parametric regression analysis was done to calcu-
late IC50 for chitin and Car/Thy. One-way ANOVA was done to test the significance across all
time-points and Dunnett’s post-hoc test was used to test observed differences between each
time point and the control group. Tukey’s HSD post-hoc test was done to test differences
between chitin- and chitin plus Car/Thy-treated cells at each time-point. Bands densities from
western blots were measured using Image]J software version 1.49 [28]. P values < 0.05 were
considered as significant. The data were presented as means + SD.

Results

Chitin stimulated release of type-2 promoting cytokines from airway
epithelial cells is suppressed by Car/Thy

We stimulated BEAS-2B human bronchial epithelial cells with chitin and measured the release of
IL-25,1L-33, and TSLP. We used a concentration of chitin which was similar to concentrations
used in previous studies of other cell types [29, 30] and did not impair cell viability (S1 Fig). We
used Poly (I:C) and LPS as positive controls. Poly (I:C) could strongly stimulate the release of IL-
25,1L-33 and TSLP in BEAS-2B cells (p < 0.05, Dunnett’s test). LPS could only induce the release
of IL-33 (p < 0.05, Dunnett’s test). Chitin treatment led to increases in levels of all 3 cytokines
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Fig 1. IL25, IL33 and TSLP ELISA levels in Chitin- and Chitin plus Car/Thy —treated Beas-2B cells. Levels of IL-25 (A), IL-33 (B), and TSLP (C) in
supernatant from control, LPS, poly (I:C), Car/Thy, chitin, and chitin plus Car/Thy-treated cells were determined by ELISA. *, p < 0.05 for the comparison
between Chitin and Chitin plus Car/Thy at the same time point by Tukey’s HSD test. +, p < 0.05 for the comparison between Chitin-treated and control cells

by Dunnett’s test.

doi:10.1371/journal.pone.0159459.g001

within 2 h, and levels remained elevated for at least 24 h. In BEAS-2B cells co-treatment with
Car/Thy reduced chitin-stimulated IL-25 and IL-33 release but had very modest effects on TSLP
(Fig 1). Similar effects of chitin and Car/Thy on IL-25, IL-33, and TSLP were seen with H292
human lung mucoepidermoid carcinoma cells and A549 human lung carcinoma cells (S2 Fig).

Chitin-stimulated induction of TLR2 and TLR4 is suppressed by Car/Thy

TLR2 and TLR4 mRNAs were significantly up-regulated after chitin stimulation of BEAS-2B
cells. Peak TLR2 and TLR4 expression were 13.9- and 9.4-fold higher than control cells, respec-
tively at 18 h after the chitin treatment (Fig 2). Car/Thy treatment partially prevented the
induction of TLR2 and completely prevented the induction of TLR4. Very similar results were
obtained with H292 cells and A549 cells (S3 Fig). LPS as positive control could strongly induce
the TLR4 expression but had minimal effect on TLR2 mRNA level. Inversely, Poly (I:C) could
increase the TLR2 mRNA level but had no significant effect on TLR4 expression.

TLR2 protein in BEAS-2B cells increased 1.9-fold after 24 h exposure to chitin (p < 0.05,
Dunnett’s test) (Fig 3). TLR2 protein levels in chitin plus Car/Thy-treated cells were also signif-
icantly lower in than chitin-treated cells (p < 0.05, Tukey’s HSD test) (Fig 3). TLR4 protein
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Fig 2. TLR2 and TLR4 expression in Chitin- and Chitin plus Car/Thy —treated Beas-2B cells. Levels of TLR2 (A) and TLR4 (B) mRNAs in control cells
and LPS-treated, poly (I:C)-treated, Car/Thy-treated, chitin-treated or chitin plus Car/Thy-treated cells were determined by gRT-PCR. *, p < 0.05 for the
comparison between Chitin and Chitin plus Car/Thy at the same time-point by Tukey’s HSD test. +, p < 0.05 for the comparison between Chitin-treated and

control cells by Dunnett’s test.

doi:10.1371/journal.pone.0159459.9002
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Fig 3. Protein levels of TLR2 and TLR4 in Chitin- and Chitin plus Car/Thy —treated Beas-2B cells after
24 h exposure. Western blot of TLR2 protein (A) and TLR2 protein fold increase (B) in untreated control
cells, poly (I:C)-treated, chitin-treated and chitin plus Car/Thy-treated cells. Western blot of TLR4 protein (C)
and TLR4 protein fold increase (D) in untreated control cells, LPS-treated, chitin-treated and chitin plus Car/
Thy-treated cells. *, p < 0.05 for the comparison between Chitin and Chitin plus Car/Thy by Tukey’s HSD test.
+, p < 0.05 for the comparison between Chitin-treated and control cells by Dunnett’s test. Bars represent

mean * standard deviation (SD).

doi:10.1371/journal.pone.0159459.g003
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increased 1.9-fold after 24 h exposure to chitin (p < 0.05, Dunnett’s test) (Fig 3). The TLR4
protein level in chitin plus Car/Thy-treated cells was also significantly lower than in chitin-
treated cells (p < 0.05, Tukey’s HSD test) (Fig 3). Interestingly, levels of both TLR2 and TLR4
protein in chitin plus Car/Thy-treated cells were nearly similar to the levels in control cells.
The protein levels of LPS- and Poly (I:C)-treated cells were consistent with mRNA results. Poly
(I:C) and LPS increased the protein levels of TLR2 and TLR4 (43% and 67%, respectively).

Chitin-induced increases in miR-155, miR-146a and miR-21 are
suppressed by Car/Thy

miR-155, miR-146a and miR-21 were significantly up-regulated after chitin stimulation of
BEAS-2B cells (peak increases ranging from 4- to 11.3-fold at 18-24 h, Fig 4). Car/Thy treat-
ment partially prevented induction of miR-155 and miR-21 and completely prevented the
induction of miR-146a. Both LPS and Poly (I:C) could induce the up-regulation of miR-155,
miR-146a and miR-21. Poly (I:C) induced miR-155 64-fold after 24 h. LPS up-regulated levels
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Fig 4. Expression of miR-155, miR-146a and miR-21 in Chitin- and Chitin+Car/Thy—treated Beas-2B cells. The expression levels of miR-155 (A),
miR-146a (B) and miR-21 (C) in control cells and LPS-treated, poly (I:C)-treated, Car/Thy-treated and chitin-treated or chitin plus Car/Thy-treated cells
were determined by gRT-PCR. *, p < 0.05 for the comparison between Chitin and Chitin plus Car/Thy at the same time-point by Tukey’s HSD test. +,
p < 0.05 for the comparison between Chitin-treated and control cells by Dunnett’s test. Data were presented as means + standard deviation (SD) in
logarithmic scale.

doi:10.1371/journal.pone.0159459.9004
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of both miR-146a and miR-21 up to 8-fold after 24 h. Very similar results were obtained with
H292 cells and A549 cells (54 Fig).

The miR-155 targets SHIP1 and SOCS1 are decreased following chitin
stimulation

SHIP1 decreased significantly after chitin stimulation of BEAS-2B cells (3.6-fold decrease at 24
h, Fig 5). SOCS1 reached its lowest expression level (1.8-fold decrease, not significant) at 24 h
after chitin stimulation (Fig 5). Car/Thy treatment increased SHIP1 and SOCS1 mRNA to lev-
els above those seen in untreated cells. Both LPS and Poly (I:C) induced up-regulation of
SHIP1 and SOCS] at the early time-points of stimulation but the levels were still lower than in
Car/Thy-treated cells. The up-regulation was continued up to 10 h but then the mRNA levels
reduced. At the last time-point (24 h) of exposure to LPS, the SHIP1 expression reached to a
level lower than normal level but SHIP1 mRNA levels in Poly (I:C)-treated cell were remained
up-regulated relative to normal levels. The same pattern of early up-regulation and late down-
regulation was observed for SOCSI after stimulation by LPS and Poly (I:C). The stimulation by
Poly (I:C) at three time-points including 4, 6 and 10 h was as strong as the stimulation by Car/
Thy (Fig 5). Very similar results were obtained with H292 cells and A549 cells (S5 Fig).

SHIP1 protein levels in chitin-treated and LPS-treated cells were lower than that in control
cells. Both LPS and Chitin reduced SHIP1 in treated cells after 24 h of exposure, although the
effect of LPS was smaller (15% reduction) and did not reach the statistical significance
(p > 0.05, Dunnett’s test). SHIP1 protein level in chitin-treated cells reduced 35% in compari-
son to control cells (p < 0.05, Dunnett’s test). Car/Thy treatment increased SHIP1 protein lev-
els when given alone and when given in combination with chitin. The increase in SHIP1
protein level was only 52% when cells were treated with a combination of chitin with Car/Thy
whereas the increase was 214% in cells treated with only Car/Thy (Fig 6A and 6B). SOCS1 pro-
tein level increased 250% after 24 h exposure to Car/Thy in comparison to untreated (control)
cells (p < 0.05, Dunnett’s test). Car/Thy treatment increased the SOCS1 protein levels when
given alone and when given in combination with chitin (Fig 6C and 6D). Also, 24 h LPS-
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Fig 5. SHIP1 and SOCS1 relative expression in Chitin- and Chitin plus Car/Thy- treated Beas-2B cells. Expression levels of miR-155 (A), miR-146a (B)
and miR-21 (C) in control cells and LPS-treated, poly (I:C)-treated, Car/Thy-treated and chitin-treated or chitin plus Car/Thy-treated cells were determined by
gRT-PCR. *, p < 0.05 for the comparison between Chitin and Chitin plus Car/Thy at the same time point by Tukey’s HSD test. +, p < 0.05 for the comparison
between Chitin-treated and control cells by Dunnett’s test. Dots on the graph represent means + standard deviation (SD) in logarithmic scale.

doi:10.1371/journal.pone.0159459.g005
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Experiments to detect SHIP1 and SOCS1 proteins were done in triplicate. Bars represent mean + standard deviation
(SD).

doi:10.1371/journal.pone.0159459.g006

treatment increased the SOCS1 protein 44% compared with in untreated cells. Chitin-treat-
ment strongly inhibited the SOCS1 protein in comparison to normal cells (37% reduction,
p < 0.05, Dunnett’s test).

Discussion

Airway epithelial cells are in direct contact with the environment. They not only act as a physi-
cal barrier and in mucocilliary transport but also have immunological functions. Activation of
airway epithelial cells results in production of substances such as cytokines, chemokines and
damage-associated molecular pattern molecules (DAMPs) to initiate innate and adaptive
immune responses [10]. We studied the effects of chitin particles on A549, H292 and Beas-2B
cells. Chitin, a long chain polymer of N-acetylglucosamine, is the second most abundant poly-
saccharide in nature after cellulose [1]. Chitin is distributed in the cell walls of organisms that
are implicated in asthma [1, 31-34]. We found that chitin induced the type 2-promoting epi-
thelial cytokines, IL-25, IL-33 and TSLP. Some previous reports [11, 35, 36] found increases in
these type 2-promoting cytokines or their receptors in mouse lung after chitin administration
and our results indicate that these findings can be explained by direct effects of chitin on epi-
thelial cells and are relevant for humans. We also found that chitin affected the expression of
other genes and miRNAs which are important in inflammatory responses. Our work comple-
ments a very recent study on mice which revealed that alveolar type II cells are a major source
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of IL-33 and TSLP which are produced in response to intranasal instillation of chitin, and that
IL-33 and TSLP induce an interferon regulatory factor 4 (IRF4)-IL-9 pathway in ILC2s and
enhance the production of IL-5 and IL-13 [37].

TLRs recognize pathogen-associated molecular patterns (PAMPs) to activate host defense
against pathogens [38]. Our finding that chitin induces TLR2 and TLR4 suggests that a chitin-
bearing organism might modulate immune responses by up-regulating TLR2 and TLR4 path-
ways. Several studies demonstrated that miRNAs can modulate allergic inflammation in
asthma models [39, 40]. We focused on miR-21, miR-146a and miR-155, which have known
roles in both innate and adaptive immune responses [39, 41]. We discovered that the expres-
sion of miR-155, miR-146a and miR-21 miRNAs were increased significantly in cells chal-
lenged with chitin. The expression of miR-21 increased in several models of asthma, although
the expression was localized primarily to myeloid cells [42]. The roles of epithelial miR-21 in
asthma are uncertain, although a previous report indicates that miR-21 targets mRNA for
MARCKS [43], a known regulator of airway mucin secretion [44]. miR-146a directly targets
several important immune signaling pathway molecules including IL-1 receptor-associated
kinase 1 (IRAK1), TNF receptor-associated factor 6 (TRAF6), RelB and CARD10 [39, 45].
miR-155 regulates immune responses through effects on myeloid and lymphoid cells [46] but
is also expressed in epithelial cells. We showed that chitin-induced increases in miR-155 were
accompanied by decreases in two known targets: SOCS1 and SHIP1. We suggest that this
miRNA may contribute to chitin-induced gene expression changes. Suppression of SHIP1 by
miR-155 causes the activation of Akt kinase and up-regulation of IFN genes during the cellular
response to LPS [47-49]. Some essential components of medicinal plants possess antimicrobial,
anti-inflammatory and anti-cancer activity [21]. Car and Thy are major phenolic agents in
some medicinal plants. Our results showed Car/Thy has suppressive effects on cytokine protein
induction in epithelial cells challenged with chitin. The effect of chitin on the expression of
TLR4 and TLR2, miRNA-21, miR-146a, miR-155, SHIP1 and SOCS1 were also inhibited by
Car/Thy. Furthermore, our results revealed that in cells treated only by Car/Thy and not stimu-
lated by chitin, the mRNA level of TLR2 and TLR4 and the levels of the miRNAs miR-155,
miR-146a, miR-21 were decreased while mRNA levels of SHIP1 and SOCS1 were increased.
The protein results were consistent with the mRNA expression data. These results indicate that
Car/Thy could strongly reduce the activation of genes involved in initiating the inflammatory
responses to levels even lower than in non-treated conditions. It has been previously shown in
other cells that both Car and Thy can affect pathways that are associated with inflammatory
responses and possess anti-inflammatory effects [50, 51]. Our results revealed novel pathways
such as TLRs, miRNAs, SHIP1 and SOCSI affected by Car/Thy. However, more studies are
required to determine the precise mechanism of action of Car and Thy. Further studies would
also be required to test whether miR-155 contributes to chitin- and Car/Thy-induced SHIP
and SOCSI gene expression changes and identify other pathways that may be important.

Based on our findings, we speculate that direct effect of Car/Thy on epithelial cells might
inhibit the development of pathologic type 2 immune responses in human airways. In support
of the general idea that compounds derived from essential oils of plants may have beneficial
effects in asthma, previous work shows benefits of oral administration of 1.8-cineol [52], the
major monoterpene of eucalyptus oil, and of inhalation of L-menthol [53, 54], a monocyclic
compound from peppermint oil, in subjects with this disease. Therapeutic use of Car/Thy
would require further in vivo studies to address efficacy, dose and route of administration,
potential toxicity, pharmacokinetics and pharmacodynamics. The major monoterpenoid
hydrocarbon found in native Iranian Origanum vulgare is carvacrol and thymol is the second
most abundant monoterpene [55]. In this study we used a 3:1 mixture of carvacrol with thymol
since some plants such as Origanum vulgare are rich in both carvacrol and thymol and since it
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was shown that a mixture of these two agents is less toxic to mammalian cells [56]. Rat oral
LD50 for Thy and Car are 980 mg/kg and 810 mg/kg, respectively while the LD50 for combina-
tion of Car with Thy is 4,700 mg/kg [57]. As an alternative to oral delivery, the airway epithe-
lium is well suited for targeting by inhalational delivery. A possible issue here is that both
carvacrol and thymol are phenolic compounds and may have sensitization and irritant effects
on skin or mucosal surfaces when applied by direct contact [57].

The concentrations of Car/Thy and chitin that we used had biological activity but do not
appear to be cytotoxic. Previous studies showed that the significant reduction in viability of a
human cell line (Caco-2) after 48 h treatment with Car was observed only at a concentration of
500 uM and that Thy had no effect on the viability of cells in concentrations up to 250 uM [26].
In addition, in Hep2 cells exposed to chitin for 24 h the IC50 of chitin determined by trypan
blue exclusion assay was 400 ug/mL. The trypan blue exclusion assay showed that 50% of Hep2
cells were not viable/dead at a concentration of 400 ug/mL of chitin [29]. In the present study
the IC50 of chitin determined by MTT assay for Beas-2B, H292 and A549 were 480.5, 305 and
176.7 pg/mL, respectively. Moreover, the IC50 of Car/Thy determined by MTT assay for Beas-
2B, H292 and A549 were 576, 407.6 and 434 ug/mL, respectively. We used a mixture of Car/Thy
at a concentration of 200 uM (equal to 30 pg/mL) and chitin at a concentration of 80 pg/mL for
no more than 24 h. These concentrations were much lower than IC50s for chitin and Car/Thy.
The number of viable cells determined by trypan blue exclusion assay was not significantly
affected in cells treated with a combination of Car/Thy and chitin after 24 h exposure. The
absence of detectable reduction in viability of treated cells and the normal morphology of
treated epithelial cells also indicated that these treatments did not cause cell death (S1 Fig).

Supporting Information

S1 Fig. Chitin and Car/Thy cytotoxicity in Beas-2B, H292 and A549 cells. Viability of cells
treated with Car/Thy (A) and chitin (B) at 50-1000 uM and 50-1000 pug/mL, respectively were
determined by MTT assay after 24 h incubation. +, X and *, p < 0.05 are for the comparison
between control cells and BEAS-2B, H292 and A549 cells, respectively by Dunnett’s test. Nearly
100% of cells treated with Triton-X100 (as positive control) were dead (not viable).

(TTF)

S2 Fig. IL25, IL33 and TSLP ELISA levels in Chitin- and Chitin plus Car/Thy -treated
H292 and A549 cells. Levels of IL-25 (A), IL-33 (B), and TSLP (C) in H292 cells and levels of
IL-25 (D), IL-33 (E), and TSLP (F) in A549 cells in supernatant from control, LPS-treated, poly
(I:C)-treated, Car/Thy-treated, chitin-treated and chitin plus Car/Thy-treated cells were deter-
mined by ELISA. *, p < 0.05 for the comparison between Chitin and Chitin plus Car/Thy at
the same time point by Tukey’s HSD test. +, p < 0.05 for the comparison between Chitin-
treated and control cells by Dunnett’s test.

(TIF)

$3 Fig. TLR2 and TLR4 expression in Chitin- and Chitin plus Car/Thy -treated H292 and
A549 cells. mRNA Levels of TLR2 (A) and TLR4 (B) in H292 cells and TLR2 (C) and TLR4
(D) in A549 cells in control cells and LPS-treated, poly (I:C)-treated, Car/Thy-treated, chitin-
treated and chitin plus Car/Thy-treated cells were determined by qRT-PCR. *, p < 0.05 for the
comparison between Chitin and Chitin plus Car/Thy at the same time point by Tukey’s HSD
test. +, p < 0.05 for the comparison between Chitin-treated and control cells by Dunnett’s test.
(TIF)

S4 Fig. Expression of miR-155, miR-146a and miR-21 in Chitin- and Chitin+Car/Thy-
treated H292 and A549 cells. Expression of miR-155 (A), miR-146a (B) and miR-21 (C) in
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H292 cells and expression of miR-155 (D), miR-146a (E) and miR-21 (F) in A549 cells in con-
trol cells and LPS-treated, poly (I:C)-treated, Car/Thy-treated, chitin-treated and chitin plus
Car/Thy-treated cells were determined by qRT-PCR. *, p < 0.05 for the comparison between
Chitin and Chitin plus Car/Thy at the same time point by Tukey’s HSD test. +, p < 0.05 for the
comparison between Chitin-treated and control cells by Dunnett’s test.

(TIF)

S5 Fig. SHIP1 and SOCS1 relative expression in Chitin- and Chitin plus Car/Thy- treated
H292 and A549 cells. Expression levels of SHIP1 (A) and SOCS1 (B) in H292 cells and expres-
sion of SHIP1 (C) and SOCS1 (D) in A549 cells in control cells and LPS-treated, poly (I:C)-
treated, Car/Thy-treated, chitin-treated and chitin plus Car/Thy-treated cells were determined
by qRT-PCR. ¥, p < 0.05 for the comparison between Chitin and Chitin plus Car/Thy at the
same time point by Tukey’s HSD test. +, p < 0.05 for the comparison between Chitin-treated
and control cells by Dunnett’s test.

(TIF)
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