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Background� Chronic rhinosinusitis �CRS� with nasal polyps
�CRSwNP� and CRS without nasal polyps �CRSsNP�� and
aspirin-exacerbated respiratory disease �AERD� have vary-
ing levels of inflammation and disease severity� Solitary
chemosensory cells �SCCs� are enriched in nasal polyps�
are the primary source of interleukin �� �IL-��� in upper air-
ways� leading to type � inflammation� and are activated by
bitter-tasting denatonium benzoate �DB�� Thus� we sought
to evaluate DB taste perception at a range of concentra-
tions in order to identify � that most differentiates CRS
subgroups from controls�

Methods� CRSsNP �n = ���� CRSwNP �n = �
�� and AERD �n
= ��� patients as well as controls �n = ��� tasted 
 DB con-
centrations in a fixed� random order� rating on a category
scale of � �no intensity� to �� �extremely intense�� Sinonasal
epithelial cultures were treated with and without denato-
nium and analyzed for IL-�� via flow cytometry�

Results� CRSsNP patients rated DB as significantly less
intense than did controls at all concentrations
 ��
� ×
��–�M� ���� × ��–�M� ���� × ��–�M� ���
 × ��–�M� ��
� ×
��–�M� and ���� × ��–�M �all p < �������� CRSwNP patients
did not show significant differences from controls� AERD

patients rated DB as significantly more intense than did
controls at concentrations of ���� × ��–�M and ���
 ×
��–�M �p < �������� In vitro data demonstrated significant
increase in IL-��–positive cells a�er denatonium stimula-
tion �n = ��� compared to control �n = �� �p = �������

Conclusion� Our findings link in vitro DB stimulation of
sinonasal tissue with increased IL-�� and show differential
DB taste perception in CRS subgroups relative to the con-
trol group� with CRSsNP being hyposensitive and AERD be-
ing hypersensitive� We propose a concentration of ���
 ×
��–�M for future study of clinical utility� © 2020 ARS-AAOA,
LLC.
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C hronic rhinosinusitis (CRS) is 1 of the most common
chronic conditions in the United States, affecting up to

16% of the population and invoking a direct treatment cost
of $10 billion to $13 billion per year.1–3 Despite the tremen-
dous socioeconomic burden and diminished quality of life,
treatment for CRS continues to be both amedical and surgi-
cal challenge. These patients are classically categorized into
2 subtypes: without (sans) nasal polyps (CRSsNP) and with
nasal polyps (CRSwNP).4 Aspirin-exacerbated respiratory
disease (AERD) is a distinct chronic pro-inflammatory
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condition characterized by CRSwNP, asthma, and sensitiv-
ity to medications that inhibit cyclooxygenase-1 (COX-1)
enzymes. These 3 subgroups share a number of clinical
similarities but are characterized by different inflammatory
pathways and different levels of disease severity. Com-
paring CRSsNP and CRSwNP, CRSsNP has an increased
incidence of neutrophilic inflammation, whereas CRSwNP
has increased incidence of type 2 (T helper 2 [Th2])
eosinophilic inflammation.5–7 CRSwNP patients prove to
be more difficult to treat compared to CRSsNP patients.8,9

Interleukin-25 (IL-25), an epithelium-derived cytokine,
leads to type 2 inflammation and has been implicated in
the pathogenesis of CRSwNP,with the amount of IL-25 cor-
relating with disease severity.5,6,10,11 Similar to CRSwNP,
a hallmark of AERD is Th2 inflammation with increased
IL-25 levels; however, levels of eosinophil and mast cell de-
granulation and disease severity are greater in AERD.12–15

In addition, AERD, unlike CRSwNP, also involves baseline
prostaglandin E2 (PGE2) deficiency and increased 5-
lipoxygenase activity that is amplified by COX-1 inhibition
(eg, by aspirin).14,15 Overall, the underlying inflammatory
mediators have important clinical implications.
Bitter taste receptors (T2Rs) have been studied for

their role in sinonasal immunity and contributions to
CRS.16–23 They are capable of modulating the immune sys-
tem through at least 2 different cell types in the upper air-
way: ciliated cells and solitary chemosensory cells (SCCs).
Stimulation of bitter taste receptors, such as T2R38, on
sinonasal ciliated cells has a well-described role in fight-
ing bacteria.17,19,24–26 CRSsNP patients with specific non-
functional variants of T2R38 have been found to be more
susceptible to gram-negative sinusitis17 and more likely to
form biofilms,27 as well as to have suboptimal outcomes
from sinus surgery.28,29 The other cell type, SCCs, are a
niche epithelial cell population that also expresses bitter
taste receptors. When stimulated by bacterial byproducts30

or other bitter-tasting compounds such as denatonium ben-
zoate (DB),29,31 SCCs induce release of antimicrobial pep-
tides from adjacent epithelial cells.32,33 More recently, SCCs
have been found to be enriched in nasal polyps and to be
the exclusive source of epithelial-derived IL-25 in sinonasal
tissue.5,6 Cellular hyperresponsiveness to DB predicts worse
surgical outcomes in CRSwNP.34 It is not yet known if DB
stimulation also elicits IL-25 release, but other compounds
that stimulate SCCs are known to release IL-25, such as
leukotrienes and extracts from the fungus Alternaria.10,35

Given the immune response stimulated by bitter com-
pounds in the upper airway, previous studies by our group
have evaluated the use of phenotypic taste testing in dif-
ferentiating CRS from controls. This past work comprised
652 CRSsNP and CRSwNP patients tested for responses
to 3 different bitter compounds, including DB. A subset of
those data published by our group revealed that at a con-
centration of 1.8 × 10–6M there was a decrease in DB taste
sensitivity scores, relative to controls, in the CRSsNP and
CRSwNP groups, with a statistically significant difference
in CRSsNP.28 This may reflect a decrease in CRS patients’

T2R-mediated release of antimicrobial peptides by SCCs.
Importantly, this concentration yielded average DB taste in-
tensity scores ranging from 7 to 9,which is on the upper end
of our scale of 0 to 12. This concentration is presumably
much higher than the physiologic one at which receptors in
the upper airway can be stimulated.
With the newer understanding that bitter-taste receptor–

expressing SCCs release IL-25 and are expanded in polyp
tissue,6 DB taste testing may have further utility in mea-
suring disease severity and in elucidating the mechanisms
by which some patients are predisposed to upper airway
inflammation. The objective of this study was to identify
a more accurate and relevant concentration of DB than
used previously, capturing larger differences in taste per-
ception between controls and CRS subgroups, for use in
future studies. This was accomplished by testing DB taste
perception across a full spectrum of concentrations from
near-threshold to clearly suprathreshold in control subjects
compared to CRSsNP, CRSwNP, and AERD patients. Fur-
thermore, we aimed to evaluate in vitro IL-25 expression in
response to DB stimulation of sinonasal cultures.

Patients and methods
Patient recruitment

With University of Pennsylvania Institutional Review
Board (IRB) approval, patients were enrolled from the
Rhinology and Allergy clinics at the Perelman Center for
Advanced Medicine. Control subjects were enrolled from
individuals accompanying patients to clinic visits. Control
subjects had no current symptoms or history of treatment
for CRS, no prior surgery for recurrent sinus infections, and
≤3 diagnosed acute sinus infections in the past 12 months.
Test subjects were patients who had been diagnosed with
CRS and met the objective and subjective guidelines for
CRS outlined by the clinical practice guideline for adult
sinusitis set forth by the Academy of Otolaryngology–Head
and Neck Surgery.4,36–38 Inclusion criteria for patients in-
cluded immune competence, age≥18 years, and endoscopic
evidence of sinonasal inflammation. Exclusion criteria in-
cluded rhinologic granulomatous disease, sarcoidosis, im-
mune deficiencies, genetic disorders affecting mucociliary
clearance (eg, cystic fibrosis, primary ciliary dyskinesia),
history of chemotherapy, and history of facial trauma.
Patients with CRS were subcategorized based on the en-

doscopic visualization and/or computed tomography (CT)
review of sinonasal polyposis by a fellowship-trained rhi-
nologist. AERD required challenge-proven aspirin intoler-
ance characterized by worsening of upper and/or lower air-
way symptoms with ingestion of aspirin, a diagnosis of
asthma, and endoscopic or CT evidence of CRS with nasal
polyposis.39 CRSwNP required CRS with sinonasal poly-
posis without AERD. CRSsNP required no visualization of
nasal polyposis.
Subjects completed questionnaires collecting demo-

graphic and background information (including history
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of smoking, allergies, asthma, nasal therapeutics, and si-
nus surgery), and the 22-item Sino-Nasal Outcome Test
(SNOT-22), a validated, symptom-based rhinosinusitis out-
come measure.40 Following this data collection, they pro-
vided taste intensity ratings for 6 concentrations of DB, a
common bitter psychophysical tastant used in our previous
studies of CRS susceptibility.28

Taste testing method
DB solutions were prepared at the Monell Chemical Senses
Center, an internationally recognized research institution
with expertise in the genetic, sensory, and cellular aspects
of human taste perception. The 6 concentrations, 5.62 ×
10–9M, 1.00 × 10–8M, 1.78 × 10–8M, 3.16 × 10–8M, 5.62
× 10–8M, and 1.00 × 10–7M, were dissolved in Millipore-
filtered water. Taste kits were taken to the outpatient clinic,
where subjects were presented with the 6 concentrations in
a fixed, random order in order to ensure that all subjects’
ratings were given in the same immediate sensory context
and reduce the potential impact of subject expectations (eg,
with an ascending or descending series): (1) 1.00 × 10–8M,
(2) 5.62 × 10–9M, (3) 3.16 × 10–8M, (4) 5.62 × 10–8M,
(5) 1.78 × 10–8M, (6) 1.00 × 10–7M. Subjects were in-
structed to refrain from eating, drinking tea/coffee, smok-
ing, and brushing their teeth for at least 1 hour prior to
taste testing. Subjects were provided with a bottle of spring
water (UPC 099482418885) and a plastic cup for expec-
toration. All subjects rinsed their mouths once with water
before and after tasting each solution, and then rated the
taste intensity on a 13-point, validated category scale with
equidistant verbal descriptors: “Extremely intense” (#12),
“Very intense” (#9), “Moderately intense” (#6), “Slightly
intense” (#3), and “No intensity at all” (#0). This scale has
been used in multiple clinical studies at the Monell Chemi-
cal Senses Center.28,41

Sinonasal cell culture
Tissue was obtained from patients recruited from the De-
partment of Otorhinolaryngology–Head and Neck Surgery,
Division of Rhinology at the University of Pennsylvania
with IRB approval. Tissue for establishing cultures was ob-
tained from nasal polyps or inferior turbinate of patients
undergoing sinonasal surgery. Diagnosis of CRSwNP was
made per established diagnostic standards and the exclu-
sion criteria included history of systemic diseases (eg, gran-
ulomatosis polyangiitis, sarcoidosis, cystic fibrosis, and im-
munodeficiency). Human sinonasal epithelial cells were en-
zymatically dissociated from sinonasal mucosal specimens
obtained from polyp and turbinate tissue as described in
prior studies.5,42 Cells were plated onto 75-cm2 (75-mL)
flasks (Corning, Corning, NY) and grown in prolifera-
tion media (Lonza, Basel, Switzerland). Upon reaching
80% confluency, cells were trypsinized and plated onto
25-cm2 (25-mL) flasks, and treated with 500μM denato-
nium or Hank’s Balanced Salt Solution without glucose
(HBSS) every other day for 1 week.

Cell staining and flow cytometry
Cells were incubated with 5 μg/mL brefeldin A (Sigma-
Aldrich, St Louis, MO) for 4 hours to stop Golgi-mediated
release of IL-25. Cells were then trypsinized and single-
cell suspensions were stained with viability dye Aqua
at 1:600 dilution (Thermo Fisher Scientific, Waltham,
MA) for dead cell exclusion. Fc receptors were blocked
with TruStain FcXTM (BioLegend, San Diego, CA).
Fluorescence-minus-one (FMO) controls were prepared
for each marker. Isotype control antibodies were used in
FMOs for IL-25. Cell surface markers were stained us-
ing anti-EpCAM–PECy7 (eBioscience, Santa Clara, CA)
to mark epithelial cells and anti-CD45–eFlour450 (eBio-
science) to exclude lymphocytes. After fixation and per-
meabilization, IL-25 was stained overnight at 4°C using
anti–IL-25 fluorescein isothiocyanate (Invitrogen, Carls-
bad, CA). Antibody-labeled cell suspensions were analyzed
on an LSR FortessaTM using FACSDiva version 8 (BD Bio-
sciences, San Jose, CA). At least 500,000 events were ac-
quired per sample. Data were analyzed using FlowJo10
(FlowJo, LLC, Ashland, OR). Gating on forward scatter
(FSC) and side scatter (SSC) was used to exclude dou-
blets and debris. Positive gates were determined using
<1% of events on FMO samples. Singlets, Aqua Live,
CD45–, EpCAM+, and IL-25+ events were recorded as IL-
25–positive cells.

Statistical analysis
Subjects were grouped and compared by their case-control
status for demographic and clinical variables using the
Fisher’s exact test for categorical variables and t tests for
continuous variables. The taste intensity scores were ad-
justed in a general linear model by including covariates of
sex, age, race, smoking status, comorbid asthma, and co-
morbid allergies within each study group (CRSsNP, CR-
SwNP, AERD, and control). The means and standard de-
viations (SDs) of the adjusted values were calculated and
dose-response curves were constructed for each group by
performing a logit regressionmethod for DB concentrations
using the “drc” R package (R Foundation for Statistical
Computing, Vienna, Austria; https://www.r-project.org/).43

Receiver-operating characteristic (ROC) curves44 were per-
formed with vectors (group, adjusted taste intensity scores)
as an ROC function45 to assess the difference in the ad-
justed taste intensity scores for each concentration between
cases and controls. For each comparison, a cutoff value was
derived by maximizing the Youden index (J = sensitivity +
specificity – 1). The J measure of sensitivity was used to
summarize the measure of the ROC curve that enables se-
lection of an optimal threshold value (cutoff point),46 and
the significance of the area under the ROC curve (AUC)
compared to 0.50 was calculated,47 with p < 0.0083 (Bon-
ferroni correction for 6 tests = 0.05/6 = 0.0083) as the
significance level. Statistical analysis was performed using
R version 3.5.3 and RStudio v1.1.456 (R Studio, Boston,
MA). For the in vitro data, the Mann-Whitney U test was
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TABLE 1. Baseline patient characteristics

Characteristic

Control

(n = 25)

CRSsNP

(n = 25) p
CRSwNP

(n = 26) p
AERD

(n = 27) p

Age (years), mean ± SD 46.72 ± 15.79 50.60 ± 13.75 0.359 53.62 ± 12.33 0.090 47.15 ± 15.98 0.923

Gender (male), n (%) 10 (40.0) 10 (40.0) 1.000 15 (57.7) 0.267 12 (44.4) 0.785

Ethnicity (Non-Hispanic), n (%) 25 (100.0) 25 (100.0) 1.000 22 (84.6) 0.110 27 (100.0) 1.000

Race (White), n (%) 16 (64.0) 22 (88.0) 0.095 22 (84.6) 0.116 22 (81.5) 0.215

Ever smoker, n (%) 7 (28.0) 6 (24.0) 1.000 13 (50.0) 0.153 11 (40.7) 0.392

Ever asthma, n (%) 3 (12.0) 8 (62.8) 0.171 14 (53.8) 0.003 27 (100.0) <0.001

Ever allergies, n (%) 7 (28.0) 14 (56.0) 0.085 18 (69.2) 0.005 23 (85.2) <0.001

SNOT-22, mean ± SD 6.68 ± 7.19 32.28 ± 20.78 <0.001 21.31 ± 22.15 0.003 18.04 ± 14.96 0.001

AERD = aspirin-exacerbated respiratory disease; CRSsNP = chronic rhinosinusitis without (sans) nasal polyps; CRSwNP = chronic rhinosinusitis with nasal polyps; SD =
standard deviation; SNOT-22 = 22-item Sino-Nasal Outcome Test.

used to evaluate the differences in IL-25 between the con-
trol and DB-treated groups.

Results
In total, 78 CRS (25 CRSsNP, 26 CRSwNP, and 27 AERD)
patients and 25 controls were included in the analyses. Our
patients were predominantly middle-aged and white. The
control group was similar with respect to age, gender, race,
and ethnicity. As expected, the CRS subgroups had signif-
icantly higher SNOT-22 scores indicating higher disease
burden. CRSwNP and AERD were significantly more likely
to have comorbid asthma and/or allergies (Table 1).
Our results show differing DB taste perception among the

different patient groups compared to controls. The CRSsNP
group was found to have lower mean taste scores, with the
ROC analysis finding significant differentiation at concen-
trations 5.62 × 10–9M (p < 0.001), 1.00 × 10–8M (p <

0.001), 1.78 × 10–8M (p < 0.001), 3.16 × 10–8M (p <

0.001), 5.62 × 10–8M (p = 0.003), and 1.00 × 10–7M (p
< 0.001). The CRSwNP group rated DB solutions lower
than controls for the majority of the concentrations, ex-
cluding the lowest 2. The ROC analysis did not yield sig-
nificant results at any concentration in this subgroup. The
AERD group was found to have overall higher mean taste
scores, with the ROC analysis finding significant differenti-
ation at concentrations 1.00 × 10–8M (p< 0.001) and 3.16
× 10–8M (p < 0.001). The average scores, AUCs, p val-
ues, and cutoff values at each concentration are presented
in Table 2 and Figure 1. The concentrations with both p <

0.0083 and AUC > 70 are demonstrated in more detail in
Figure 1 (C shows the AERD group, D shows the CRSsNP
group), including appropriate cutoff scores to differentiate
the patient group from controls while maximizing sensitiv-
ity and specificity.
The concentration with the largest difference from con-

trols in mean taste score in the CRSsNP group was found
at 1.00 × 10–7M (CRSsNP mean: 5.32; compared to con-

trol: –2.60), with decreases in the separation at lower con-
centrations. The largest difference from controls in the CR-
SwNP group was found at 5.62 × 10–8M (CRSwNP mean:
5.00; compared to control: –0.80). Last, the largest differ-
ence from controls in the AERD group was found at 3.16 ×
10–8M (AERD mean: 6.30; compared to control: +2.62),
with decreases in the separation at the lower and higher
concentrations.
In vitro analysis of cell cultures demonstrated increased

frequency of IL-25–positive cells following “chronic” de-
natonium exposure compared to HBSS exposure (Fig. 2).
Distinct cell samples from the same 5 cultures were used in
both the control and treatment groups. The mean ± SD fre-
quency of IL-25–positive epithelial cells (singlet, aqua live,
CD45–, EpCAM+, IL-25+) was 17.76 ± 9.91 in the con-
trol group and 44.34 ± 15.30 in the DB-treatment group.
Mann-Whitney U test generated a p value of 0.012.

Discussion
In this study, we identified DB concentrations that yield
differing taste responses in CRS subgroups compared to
controls. Specifically, CRSsNP patients had significantly de-
creased scores compared to controls at numerous concen-
trations, and AERD patients had significantly increased
scores compared to controls at some concentrations. Both
groups had significant findings at concentrations of 1.00 ×
10–8M and 3.16 × 10–8M. Furthermore, in vitro DB in-
cubation was found to yield a significant increase in IL-
25–positive cells compared to control incubation. To our
knowledge, this is the only study to date to test psychophys-
ical taste testing in a wide variety of DB concentrations, the
only one to test taste perception in AERD, and the only one
to measure IL-25 expression in response to DB.
The differences in mean taste ratings across subgroups

of patients suggest an association between the different un-
derlying disease processes and the patients’ subjective taste
perception. ROC analysis is a widely-accepted method
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FIGURE 1. Patients with AERD or CRSsNP differed in DB bitter taste perception compared to the control group. (A) A log dose-response curve of mean
taste score for each of the 6 DB concentrations per subgroup, starting at 5.62 × 10–9 mol/L and going up to 1.00 × 10–7 mol/L with predicted 10,000 points
in between. (B) Summary of ROC curve statistical tests at each concentration per patient group compared to controls. The p value of the ROC test and the
AUC size are demonstrated using dot sizes and color. (C,D) Violin plots with appropriate cutoff values for the concentrations with a significant difference (p <

0.0083, AUC > 70) in DB bitter taste intensity scores. (C) AERD patient group vs control group. (D) CRSsNP patient group vs control group. AERD = aspirin-
exacerbated respiratory disease; AUC = area under the ROC curve; CRSsNP = chronic rhinosinusitis without (sans) nasal polyps; DB = denatonium benzoate;
ROC = receiver-operating-characteristic.

that allows assessment of the strength of a test (DB taste
intensity scores in our case) in distinguishing between cases
and controls. In CRSsNP patients, we found significantly
decreased mean DB taste scores, which is consistent with
our prior study.28 In CRSwNP, the scores were decreased
at the 4 higher concentrations and increased at the 2 lower
concentrations compared to controls, but not at statisti-
cally significant levels. In AERD, we observed significantly
increased scores, which is a novel finding. Of note, the
previous study by Workman et al.28 also tested salt, which
patients reported to be of comparable intensity to that
reported by controls. Thus, the DB effects did not appear
to be due to a nonspecific taste loss in CRS.
These results suggest a spectrum of bitter taste perception

in CRS subgroups, which could potentially reflect underly-
ing pathophysiology. DB is known to activate SCCs, and
SCCs are known to be the primary source of epithelial IL-
25.5,6,29,31 In the data presented here, we demonstrate an
increase in IL-25–positive epithelial cells following DB in-
cubation compared to control incubation. Though we can-
not know for certain based on the current data, it is possible
that low DB perception may reflect low SCC receptor ac-
tivity, leading to an inability to defend against pathogens.

On the other hand, high DB perception may reflect high
SCC receptor activity, leading to hyper-inflammation. At
this point, the present analysis cannot make a determina-
tion. Regardless, the diversion of taste sensitivities of CRS
subgroups may reflect differences in the cellular biology as-
sociated with CRS (1) in the absence of polyps, (2) with
generic polyps, and (3) with AERD polyps.
As we hypothesized, by lowering the DB concentration

to one that yields an average taste intensity score of 5 to
7 in patient groups (on our scale of 0 to 12), we achieved
larger separations from the control group than we had
in our previous testing. The largest separations for each
subgroup occurred at 1.00 × 10–7M for CRSsNP with a
mean intensity score of 5.32 (–2.60 from control mean), at
5.62 × 10–8M for CRSwNP with a mean intensity score
of 5.00 (–0.80 from control mean), and at 3.16 × 10–8M
for AERD with a mean intensity score of 6.30 (+2.62
from control mean). Previously, the DB mean scores were
around 8 for both CRSsNP and CRSwNP groups (AERD
was not specifically evaluated), with differences from con-
trols being <1.28 Our previous test’s concentration of 1.8
× 10–6M may have been too intense for our scale, leading
to a ceiling effect. Taste testing works when the ligand is at
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FIGURE 2. Flow cytometry was used to analyze DB-induced IL-25 expres-
sion. Sinonasal epithelial cultures derived from polyp and turbinate tissue
were stimulated with denatonium (0.5mM) (n = 5) or HBSS (control solution)
(n = 5) every other day for 7 days and then analyzed for intracellular IL-25 via
flow cytometry. Distinct cell samples from the same 5 cultures were used in
each group. Using the Mann-Whitney U test, there was a significant increase
in IL-25–positive cells following DB incubation compared to control incuba-
tion (p = 0.012). DB = denatonium benzoate; HBSS = Hank’s Balanced Salt
Solution without glucose; IL-25 = interleukin-25.

micromolar to nanomolar concentrations and is therefore
very sensitive. Identifying a concentration that optimizes
the separation seems to increase the potential for clinical
utility. However, given the spectrum we observed, each sub-
group reaches their moderate mean score, and thus widest
separation from controls, at a different concentration. We
suggest 3.16 × 10–8M as a reasonable concentration for
further testing as it is the mutually significant concentration
that yields wider separations from controls.
The complexity of CRS is evidenced by the numerous

research efforts aimed at uncovering the pathophysiology
and discovering the optimal treatment modalities for each
subset of patients.48–51 However, as studies are uncovering
the cellular mechanisms underlying the different subsets of
CRS and the need for individualized treatment plans is be-
coming apparent,49 there is still no readily accessible diag-
nostic tool to guide treatment. Furthermore, there is no es-
tablished method to determine which patients will benefit
from certain interventions and which will not. This leads to
widespread use of steroids, antibiotics, and eventually sur-

gical intervention in an effort to quell the inflammatory bur-
den. Therefore, an inexpensive taste test would have broad
implications if differences in taste perception do in fact re-
flect aberrant inflammatory responses and predisposition
to inflammatory or infectious sinonasal disorders. If that is
the case, with the appropriate parameters, a taste test could
help distinguish patients likely to improve with conserva-
tive medical management from those likely to require, and
respond to, more aggressive treatment such as functional
endoscopic sinus surgery. This taste test could lead to more
effective treatment paradigms including refined patient se-
lection for the varied therapeutic modalities. The potential
utility of a low-cost taste test is high, with implications for
healthcare expenditures, antibiotic stewardship, and qual-
ity of life.
This study examines a possible taste test for clinical use

in sinonasal disorders, proposing DB as the potential tool.
DB is known to activate SCCs, and SCCs play a role in
sinonasal disease. DB is particularly well-suited as a clin-
ically useful taste test because it is a broad bitter agonist,
stimulating many different bitter taste receptors.52,53 Thus,
responses to it are not expected to vary significantly as a
result of genetic differences in any single receptor. Other
bitter compounds that target 1 or 2 receptors may be less
generalizable in a patient population.Moreover, DB is com-
monly used in human taste studies28,54–56 and is known to
be nontoxic.55 After evaluating DB taste responses across
a wide spectrum of concentrations, we found differential
taste scores in CRS subgroups relative to the control group,
with CRSsNP being hyposensitive and AERD being hyper-
sensitive to DB. Through this dose-response testing, we can
have more confidence in concentration selection for future
study.
Our study was limited by small sample sizes for taste

testing of CRS subgroups as well as for flow cytometry.
Given the logistical and time challenges of administering a
taste test that includes many concentrations during a busy
outpatient clinic, the goal was to screen these concentra-
tions in a small group to optimize the concentration(s) to
be used on a larger scale. It is possible results could shift
with increased sample size and power. There was also a
large amount of variance in our results, with overlapping
SDs that may decrease diagnostic potential. Future studies
with larger samples sizes are needed to evaluate our con-
clusions further. Lastly, although our analysis controlled
for multiple variables that we incorporated into the model,
there may have been unknown confounders we did not
identify.

Conclusion
Bitter taste receptors are expressed in human upper res-
piratory epithelial cells where they are activated by bitter
compounds such as DB. Prior studies have revealed multi-
ple roles for bitter taste receptors in the immune response
to pathogens, including both an antimicrobial response and
an inflammatory cytokine release by SCCs. In this work, we
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explored the relationship between DB bitter taste percep-
tion and upper airway disorders, and analyzed in vitro IL-
25 expression following DB stimulation. We demonstrated
increase in IL-25 positivity in response to DB stimulation
of sinonasal cultures. After taste testing a range of DB con-
centrations, our findings show differential taste scores in

CRS subgroups relative to the control group, with CRSsNP
being hyposensitive and AERD being hypersensitive to DB.
We have also identified concentrations and score cutoffs to
be used for further study, namely 3.16 × 10–8M. Through
future work, we hope to unlock diagnostic, prognostic, and
therapeutic possibilities.
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21. Dżaman K, Zagor M, Sarnowska E, Krzeski A, Kan-
tor I. The correlation of TAS2R38 gene variants with
higher risk for chronic rhinosinusitis in Polish patients.
Otolaryngol Pol. 2016;70:13-18.

22. Gallo S, Grossi S, Montrasio G, et al. TAS2R38
taste receptor gene and chronic rhinosinusitis: new
data from an Italian population. BMC Med Genet.
2016;17:54. https://doi.org/10.1186/s12881-016-
0321-3.

23. Rom DI, Christensen JM, Alvarado R, Sacks R, Har-
vey RJ. The impact of bitter taste receptor genetics on
culturable bacteria in chronic rhinosinusitis. Rhinol-
ogy. 2017;55:90-94. https://doi.org/10.4193/Rhin16.
181.

24. Lee RJ, Xiong G, Kofonow JM, et al. T2R38 taste re-
ceptor polymorphisms underlie susceptibility to upper
respiratory infection. J Clin Invest. 2012;122:4145-
4159. https://doi.org/10.1172/JCI64240.

25. Workman AD, Maina IW, Brooks SG, et al. The
role of quinine-responsive taste receptor family 2 in
airway immune defense and chronic rhinosinusitis.
Front Immunol. 2018;9:624. https://doi.org/10.3389/
fimmu.2018.00624.

26. Patel NN,Workman AD, Cohen NA. Role of taste re-
ceptors as sentinels of innate immunity in the upper
airway. J Pathog. 2018;2018:9541987.

27. Adappa ND, Truesdale CM,Workman AD, et al. Cor-
relation of T2R38 taste phenotype and in vitro biofilm
formation from nonpolypoid chronic rhinosinusitis
patients. Int Forum Allergy Rhinol. 2016;6:783-791.
https://doi.org/10.1002/alr.21803.

28. Workman AD, Brooks SG, Kohanski MA, et al. Bit-
ter and sweet taste tests are reflective of disease
status in chronic rhinosinusitis. J Allergy Clin Im-
munol Pract. 2018;6:1078-1080. https://doi.org/10.
1016/j.jaip.2017.09.014.

29. Tizzano M, Gulbransen BD, Vandenbeuch A, et al.
Nasal chemosensory cells use bitter taste signaling to
detect irritants and bacterial signals. Proc Natl Acad
Sci U S A. 2010;107:3210-3215. https://doi.org/10.
1073/pnas.0911934107.

30. Barham HP, Cooper SE, Anderson CB, et al. Solitary
chemosensory cells and bitter taste receptor signal-
ing in human sinonasal mucosa. Int Forum Allergy
Rhinol. 2013;3:450-457. https://doi.org/10.1002/alr.
21149.

31. TizzanoM,Cristofoletti M, Sbarbati A, Finger TE. Ex-
pression of taste receptors in solitary chemosensory
cells of rodent airways. BMC Pulm Med. 2011;11:3.
https://doi.org/10.1186/1471-2466-11-3.

32. Lee RJ, Kofonow JM, Rosen PL, et al. Bitter and sweet
taste receptors regulate human upper respiratory in-
nate immunity. J Clin Invest. 2014;124:1393-1405.
https://doi.org/10.1172/JCI72094.

33. Lee RJ, Cohen NA. Sinonasal solitary chemosen-
sory cells “taste” the upper respiratory environment
to regulate innate immunity. Am J Rhinol Allergy.
2014;28:366-373. https://doi.org/10.2500/ajra.2014.
28.4077.

34. Carey RM, Workman AD, Hatten KM, et al.
Denatonium-induced sinonasal bacterial killing may
play a role in chronic rhinosinusitis outcomes. Int Fo-
rum Allergy Rhinol. 2017;7:699-704. https://doi.org/
10.1002/alr.21949.

35. Bankova LG, Dwyer DF, Yoshimoto E, et al. The cys-
teinyl leukotriene 3 receptor regulates expansion of
IL-25–producing airway brush cells leading to type 2

inflammation. Sci Immunol. 2018;3:eaat9453. https:
//doi.org/10.1126/sciimmunol.aat9453.

36. Peters AT, Spector S, Hsu J, et al. Diagnosis and man-
agement of rhinosinusitis: a practice parameter up-
date. Ann Allergy Asthma Immunol. 2014;113:347-
385. https://doi.org/10.1016/j.anai.2014.07.025.

37. Lai Y, Chen B, Shi J, Palmer JN, Kennedy DW,
Cohen NA. Inflammation-mediated upregulation of
centrosomal protein 110, a negative modulator of
ciliogenesis, in patients with chronic rhinosinusitis.
J Allergy Clin Immunol. 2011;128:1207-1215.e1.
https://doi.org/10.1016/j.jaci.2011.09.001.

38. Meltzer EO, Hamilos DL, Hadley JA, et al. Rhi-
nosinusitis: establishing definitions for clinical
research and patient care. J Allergy Clin Immunol.
2004;114:155-212. https://doi.org/10.1016/j.jaci.
2004.09.029.

39. Adappa ND, Ranasinghe VJ, Trope M, et al. Out-
comes after complete endoscopic sinus surgery and
aspirin desensitization in aspirin-exacerbated respira-
tory disease. Int Forum Allergy Rhinol. 2018;8:49-53.
https://doi.org/10.1002/alr.22036.

40. Hopkins C, Gillett S, Slack R, Lund VJ, Browne JP.
Psychometric validity of the 22-item Sinonasal Out-
come Test.Clin Otolaryngol. 2009;34:447-454. https:
//doi.org/10.1111/j.1749-4486.2009.01995.x.

41. Cowart BJ. Relationships between taste and smell
across the adult life span. Ann N Y Acad Sci.
1989;561:39-55. https://doi.org/10.1111/j.1749-
6632.1989.tb20968.x.

42. Lee RJ, Hariri BM, McMahon DB, et al. Bacterial
d-amino acids suppress sinonasal innate immunity
through sweet taste receptors in solitary chemosen-
sory cells. Sci Signal. 2017;10:eaam7703. https://doi.
org/10.1126/scisignal.aam7703.

43. Ritz C, Strebig JC. Package “drc”: analysis of dose-
response curves. Vienna, Austria: R Foundation for
Statistical Computing; 2016. https://cran.r-project.
org/web/packages/drc/drc.pdf. Accessed August 25,
2020.

44. Greiner M, Pfeiffer D, Smith R. Principles and
practical application of the receiver-operating char-
acteristic analysis for diagnostic tests. Prev Vet
Med. 2000;45:23-41. https://doi.org/10.1016/S0167-
5877(00)00115-X.

45. Robin X, Turck N, Hainard A, et al. pROC: an open-
source package for R and S+ to analyze and com-
pare ROC curves. BMC Bioinformatics. 2011;12:77.
https://doi.org/10.1186/1471-2105-12-77.

46. Petersenn S, Houchard A, Sert C, Caron PJ. Predic-
tive factors for responses to primary medical treat-
ment with lanreotide autogel 120 mg in acromegaly:
post hoc analyses from the PRIMARYS study.
Pituitary. 2020;23:171-181. https://doi.org/10.1007/
s11102-019-01020-3.

47. Hanley JA, McNeil BJ. The meaning and use of the
area under a receiver operating characteristic (ROC)
curve. Radiology. 1982;143:29-36. https://doi.org/10.
1148/radiology.143.1.7063747.

48. Cho SH, Bachert C, Lockey RF. Chronic rhinosinusi-
tis phenotypes: an approach to better medical care
for chronic rhinosinusitis. J Allergy Clin Immunol
Pract. 2016;4:639-642. https://doi.org/10.1016/j.jaip.
2016.05.007.

49. Kim DW,Cho SH. Emerging endotypes of chronic rhi-
nosinusitis and its application to precision medicine.
Allergy Asthma Immunol Res. 2017;9:299-306. https:
//doi.org/10.4168/aair.2017.9.4.299.

50. Dennis SK, Lam K, Luong A. A review of classification
schemes for chronic rhinosinusitis with nasal poly-
posis endotypes. Laryngoscope Investig Otolaryngol.
2016;1:130-134. https://doi.org/10.1002/lio2.32.

51. Beswick DM, Gray ST, Smith TL. pharmacologi-
cal management of chronic rhinosinusitis: current
and evolving treatments. Drugs. 2017;77:1713-1721.
https://doi.org/10.1007/s40265-017-0803-4.

8 International Forum of Allergy & Rhinology� Vol� ��� No� �� xxxx ����

https://doi.org/10.2500/ajra.2016.30.4297
https://doi.org/10.2500/ajra.2016.30.4297
https://doi.org/10.2500/aap.2013.34.3675
https://doi.org/10.2500/aap.2013.34.3675
https://doi.org/10.4193/Rhin20.600
https://doi.org/10.4193/Rhin20.600
https://doi.org/10.1016/j.jaci.2018.03.019
https://doi.org/10.1002/alr.22142
https://doi.org/10.1002/alr.22142
https://doi.org/10.3389/fimmu.2018.02065
https://doi.org/10.2500/ajr.2007.21.2979
https://doi.org/10.2500/ajr.2007.21.2979
https://doi.org/10.1007/s00405-007-0301-5
https://doi.org/10.1007/s00405-007-0301-5
https://doi.org/10.1002/alr.22334
https://doi.org/10.1002/alr.22334
https://doi.org/10.1111/all.13267
https://doi.org/10.1111/all.13267
https://doi.org/10.2500/ajra.2018.32.4498
https://doi.org/10.1016/j.rmed.2016.11.020
https://doi.org/10.1056/NEJMra1712125
https://doi.org/10.1016/j.iac.2016.06.004
https://doi.org/10.1159/000445137
https://doi.org/10.1002/alr.21666
https://doi.org/10.1002/alr.21140
https://doi.org/10.1002/alr.21140
https://doi.org/10.1002/alr.21253
https://doi.org/10.1002/alr.21253
https://doi.org/10.1002/alr.21275
https://doi.org/10.1186/s12881-016-0321-3
https://doi.org/10.1186/s12881-016-0321-3
https://doi.org/10.4193/Rhin16.181
https://doi.org/10.4193/Rhin16.181
https://doi.org/10.1172/JCI64240
https://doi.org/10.3389/fimmu.2018.00624
https://doi.org/10.3389/fimmu.2018.00624
https://doi.org/10.1002/alr.21803
https://doi.org/10.1016/j.jaip.2017.09.014
https://doi.org/10.1016/j.jaip.2017.09.014
https://doi.org/10.1073/pnas.0911934107
https://doi.org/10.1073/pnas.0911934107
https://doi.org/10.1002/alr.21149
https://doi.org/10.1002/alr.21149
https://doi.org/10.1186/1471-2466-11-3
https://doi.org/10.1172/JCI72094
https://doi.org/10.2500/ajra.2014.28.4077
https://doi.org/10.2500/ajra.2014.28.4077
https://doi.org/10.1002/alr.21949
https://doi.org/10.1002/alr.21949
https://doi.org/10.1126/sciimmunol.aat9453
https://doi.org/10.1126/sciimmunol.aat9453
https://doi.org/10.1016/j.anai.2014.07.025
https://doi.org/10.1016/j.jaci.2011.09.001
https://doi.org/10.1016/j.jaci.2004.09.029
https://doi.org/10.1016/j.jaci.2004.09.029
https://doi.org/10.1002/alr.22036
https://doi.org/10.1111/j.1749-4486.2009.01995.x
https://doi.org/10.1111/j.1749-4486.2009.01995.x
https://doi.org/10.1111/j.1749-6632.1989.tb20968.x
https://doi.org/10.1111/j.1749-6632.1989.tb20968.x
https://doi.org/10.1126/scisignal.aam7703
https://doi.org/10.1126/scisignal.aam7703
https://cran.r-project.org/web/packages/drc/drc.pdf
https://cran.r-project.org/web/packages/drc/drc.pdf
https://doi.org/10.1016/S0167-5877(00)00115-X
https://doi.org/10.1016/S0167-5877(00)00115-X
https://doi.org/10.1186/1471-2105-12-77
https://doi.org/10.1007/s11102-019-01020-3
https://doi.org/10.1007/s11102-019-01020-3
https://doi.org/10.1148/radiology.143.1.7063747
https://doi.org/10.1148/radiology.143.1.7063747
https://doi.org/10.1016/j.jaip.2016.05.007
https://doi.org/10.1016/j.jaip.2016.05.007
https://doi.org/10.4168/aair.2017.9.4.299
https://doi.org/10.4168/aair.2017.9.4.299
https://doi.org/10.1002/lio2.32
https://doi.org/10.1007/s40265-017-0803-4


Denatonium bitter taste perception in CRS

52. Wiener A, Shudler M, Levit A, Niv MY. Bit-
terDB: a database of bitter compounds. Nucleic
Acids Res. 2012;40:D413-D419. https://doi.org/10.
1093/nar/gkr755.

53. Meyerhof W, Batram C, Kuhn C, et al. The molecular
receptive ranges of human TAS2R bitter taste recep-

tors. Chem Senses. 2010;35:157-170. https://doi.org/
10.1093/chemse/bjp092.

54. Mela DJ. Bitter taste intensity: the effect of tastant and
thiourea taster status.Chem Senses. 1989;14:131-135.
https://doi.org/10.1093/chemse/14.1.131.

55. Berning CK, Griffith JF, Wild JE. Research on the
effectiveness of denatonium benzoate as a deterrent

to liquid detergent ingestion by children. Toxicol Sci.
1982;2:44-48. https://doi.org/10.1093/toxsci/2.1.44.

56. Delwiche JF, Buletic Z, Breslin PAS. Covariation
in individuals’ sensitivities to bitter compounds:
evidence supporting multiple receptor/transduction
mechanisms. Percept Psychophys. 2001;63:761-776.
https://doi.org/10.3758/BF03194436.

International Forum of Allergy & Rhinology� Vol� ��� No� �� xxxx ���� 9

https://doi.org/10.1093/nar/gkr755
https://doi.org/10.1093/nar/gkr755
https://doi.org/10.1093/chemse/bjp092
https://doi.org/10.1093/chemse/bjp092
https://doi.org/10.1093/chemse/14.1.131
https://doi.org/10.1093/toxsci/2.1.44
https://doi.org/10.3758/BF03194436

