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Abstract

Introduction—The etiology of chronic rhinosinusitis (CRS)-associated olfactory loss is unclear,
but may result from inflammatory changes in the olfactory epithelium that result in signaling
dysfunction or loss of olfactory neurons. Several pro-inflammatory cytokines have been associated
with CRS but their expression within the olfactory cleft microenvironment and association with
olfactory function is unknown.

Level of evidence—NA

Methods—Mucus was collected from the olfactory cleft and middle meatus of 31 CRS without
nasal polyp (CRSsNP) subjects, 36 CRS with nasal polyps (CRSWNP) subjects, and 12 healthy
controls. Olfactory function was assessed using the validated Smell Identification Test (SIT). Site-
specific levels of 14 cytokines/chemokines (IL-1pB, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12,
IL-13, IL-17A, TNF-a, Eotaxin, RANTES) were assessed using a multiplex flow cytometric bead
assay and correlated with SIT scores.

Results—Mucus cytokine levels in the olfactory cleft were strongly or moderately correlated
with levels in the middle meatus for all but one measured inflammatory mediators. SIT scores
were inversely correlated with levels of IL-2 (p=0.006), IL-5 (p<0.0001), IL-6 (p=0.0009), IL-10
(p<0.0001), and 1L-13 (p<0.0001), with significance largely driven by CRSWNP patients.

Conclusions—The inflammatory microenvironment within the olfactory cleft mirrors that
within the middle meatus. Elevated levels of I1L-2, IL-5, IL-6, IL-10, and IL-13 in olfactory cleft
mucus are associated with reduced olfactory identification scores in CRS patients. Altered levels
of select olfactory mucus cytokines could potentially have deleterious effects on olfactory neuron
function and turnover.
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INTRODUCTION

Chronic rhinosinusitis (CRS) is among the most common chronic inflammatory diseases
with a prevalence of up to 12% of the U.S. population, at an estimated annual direct cost of
more than 11 billion dollarsl=3. Olfactory dysfunction is a frequent complaint of CRS
patients, particularly those with nasal polyposis, with an estimated prevalence of between 30
and 80% 4-8. It is also a major contributor to poor quality of life and reduced productivity in
this patient population 2. Despite the common association between CRS and loss of smell,
very little is known about the mechanisms that mediate CRS-specific olfactory dysfunction
10, Most evidence suggests that hyposmia or anosmia in CRS patients is due to a
combination of 1) conductive olfactory loss, and 2) sensorineural olfactory loss. Conductive
loss has traditionally been attributed to nasal polyps, which can potentially obstruct the
ability of odorants to reach the olfactory cleft. However, a minority of CRS patients have
nasal polyps, and many prior studies suggest that olfactory dysfunction is largely
independent of nasal airflow and nasal obstruction 1112,

Recent evidence suggests that sensorineural olfactory loss may be the primary cause of
hyposmia in CRS patients 13-15. This mechanism is linked to chronic inflammation that
mediates a loss of functional olfactory neurons and replacement of the olfactory epithelium
with respiratory epithelium. In support of this hypothesis, Yee et al. reported that anosmic
CRS patients, when compared to healthy normosmic controls, display histopathologic
changes to the olfactory epithelium, including reduced olfactory neurons, squamous
metaplasia, olfactory epithelial erosion, and goblet cell hyperplasia 14,

Inflammation in CRS is mediated largely by pro-inflammatory cytokines that circulate
locally in sinonasal tissue. Several cytokines have neurotoxic potentiall®-19, and it is
conceivable that the olfactory dysfunction in CRS patients may be mediated in part by their
effects on olfactory neuronal cell function, apoptosis, differentiation, and proliferation.
Recent evidence from transgenic mouse models have supported this “olfactory
inflammation’ hypothesis, with local overexpression of pro-inflammatory cytokines such as
tumor necrosis factor alpha (TNF-a) and interferon gamma (IFN-v) resulting in inhibition
of olfactory neuron function, turnover, or survival 2923, Likewise, a recent study in patients
with CRS found that quantitative olfactory function may be inversely associated with
olfactory mucus levels of 1L-5 24,

Despite the putative importance of pro-inflammatory cytokines in olfactory function, studies
to clarify the role of cytokines in human olfactory tissue have been limited. This is largely
due to the inherent difficulty associated with establishing olfactory neuronal cultures, and
technical challenges associated with obtaining human olfactory tissue. We hypothesized that
the human olfactory cleft may represent a unique inflammatory microenvironment and that
measurement of mucus cytokine levels could be used as a reflection of olfactory
inflammation and function. The goal of this study was to 1) evaluate mucus cytokine levels
in the human olfactory cleft, 2) compare the inflammatory microenvironment within the
olfactory cleft to the remainder of the middle meatus, and 3) identify potential associations
between individual cytokines and objective olfactory function.
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METHODS

Subject Enroliment

Patients with CRS were recruited from the Vanderbilt Asthma, Sinus and Allergy Program
(ASAP) and Otolaryngology clinics. All subjects met the criteria for CRS as defined by the
European Position Paper on Rhinosinusitis and Nasal Polyps and the International
Consensus Statement on Allergy and Rhinology 2526, Patients with a history of olfactory
loss due to a non-CRS etiology were excluded from the study. CRS patients offered surgery
had previously failed adequate medical therapy that included two or more weeks of oral
prednisone, three or more weeks of broad-spectrum or culture-directed antibiotics, and a
combination of other additional therapies including oral/topical antihistamines, topical nasal
steroid sprays, oral decongestants, mucolytics, or saline rinses. Patients who had received
oral corticosteroids within 4 weeks of surgery were excluded from the study. Patients with a
diagnosis of cystic fibrosis, Churg-Strauss syndrome, known immunodeficiency,
autoimmune disease, or who were receiving any monoclonal biologic therapy were also
excluded. Control patients were undergoing either endoscopic endonasal pituitary surgery,
endoscopic skull base tumor resection, or endoscopic cerebrospinal fluid leak repair and had
no clinical or radiographic history of CRS. Voluntary informed consent was obtained for all
patients and the study protocol was approved by the Vanderbilt University Medical Center
Institutional Review Board. Sinonasal-specific quality-of-life was measured utilizing the 22-
item Sinonasal Outcome Test (SNOT-22).

Computed Tomography and Histopathological Testing

All patients underwent a high-resolution computed tomography (CT) scan of the paranasal
sinuses. Each scan was evaluated by 2 authors who were blinded to subject identifiers and
diagnosis. A standard Lund-Mackay scoring system was used to assess overall extent of
CRS. Sinonasal tissue was collected from the ethmoid bulla or adjacent ethmoid mucosa in
all patients. Tissue from healthy controls was collected from either the ethmoid sinus or
sphenoid face. Histopathological evaluation of excised tissue was performed by a pathologist
in a blinded fashion and the mean number of eosinophils counted over 5 randomly selected
HPFs was recorded.

Flow Cytometric Analysis of Mucus Cytokines

At the beginning of surgery, two 9 x 24mm polyurethane sponges (Summit Medical; St.
Paul, MN) were placed, one into the middle meatus and one into the olfactory cleft of each
subject under endoscopic guidance. Each sponge was removed after 5 minutes, placed in a
sterile microcentrifuge tube and immediately processed. Sponges were placed into a
microporous centrifugal filter device (MilliporeSigma; Billerica, MA) and centrifuged at
14,000 x g for 10 minutes to elute mucus. Samples were then gently vortexed and again
centrifuged for 5 minutes to remove any cellular debris. Supernatants were removed, placed
into a new microcentrifuge tube, and frozen at —80°C for later analysis.

Multiplex cytokine assays were performed using a multiplex cytokine bead assay (BD
Biosciences; Franklin Lakes, NJ) according to the manufacturer’s protocol. We attempted to
include all pro-inflammatory cytokines available on this particular platform, excluding only
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growth factors and most chemokines. Briefly, 50 uL of mucus was incubated with 50 pl of
mixed capture beads for each measured inflammatory mediator and incubated for 1 hour. 50
pL of mixed detection reagent was then added to each sample and standard, and incubated
for an additional 2 hours. After addition of 1 mL wash buffer, samples were centrifuged at
200 x g for 5 minutes and the supernatant was discarded. The beads were then resuspended
in 300 pL wash buffer and analyzed on an LSR Fortessa flow cytometer (BD Biosciences).
Data was analyzed using BD FCAP Array Software version 3.0.

Olfactory testing

Statistics

RESULTS

Subjects enrolled in the study completed the 40-item Smell Identification Test (SIT)
immediately prior to surgery. The SIT has excellent sensitivity, correlates closely with scores
attained via formal threshold testing, and has the advantage of being easily administered to
subjects on the day of surgical intervention 27. Raw scores were adjusted for patient age and
gender by subtracting the mean normative age- and sex-appropriate SIT score from the total
SIT score for each subject. Thus a negative adjusted SIT score represents reduced sense of
smell compared to the mean for that subject’s age and gender. Normative SIT scores were
extracted from the Smell Identification Test Administration Manual (Sensonics
International; Haddon Heights, NJ).

Mean mucus cytokine levels for each group were measured in picograms per milliliter and
groups were compared using the Mann-Whitney test. Samples with individual cytokine
levels that were not detectable were assigned a value of half the lowest detectable level for
that particular cytokine. Correlation between olfactory cleft and middle meatus cytokine
levels was measured using Spearman rank order. Interpretation of correlations was based on
the r-statistic (0.20-0.39 = weak correlation; 0.40-0.59 = moderate correlation; >0.60 =
strong correlation). The association between mucus cytokine levels and age- and sex-
adjusted SIT scores was analyzed using Spearman rank order correlation because the data
did not demonstrate parametric distribution and was not suggestive of a linear relationship.
Correlation analysis was not performed for cytokines in which greater than 30% of samples
were below the detection limit of the assay. A p-value < 0.05 was considered statistically
significant for all comparisons. All statistical analyses were performed using GraphPad
Prism version 6 (GraphPad Software; La Jolla, CA)

Study Population and Demographics

A total of 31 CRSsNP, 36 CRSwWNP, and 12 healthy control subjects were enrolled in the
study (Table 1). The CRSsNP and CRSwWNP groups were similar in age and sex distribution.
As expected, subjects with CRSWNP had higher rates of comorbid asthma (p = 0.007), more
severe CT scores (p < 0.0001), and worse olfactory function (p < 0.0001). CRSWNP subjects
were also more likely to have had prior endoscopic sinus surgery (p = 0.05) and had more
severe tissue eosinophilia on surgical pathology (p < 0.0001).
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Mucus Cytokine Levels in the Olfactory Cleft

Mucus levels of 14 different cytokines and inflammatory mediators were measured from the
olfactory clefts of CRS and control patients. Mean cytokine levels and ranges are presented
in Table 2. As shown, CRSsSNP was associated with reduced mucus levels of IL-7 (p = 0.02)
when compared to healthy controls (Figure 1). Levels of IL-1p, IL-2, IL-5, IL-6, and IL-10
were moderately elevated, but these differences did not reach statistical significance.
CRSwNP mucus contained significantly elevated levels of IL-5 (p < 0.0001) and I1L-13 (p =
0.014) (Figure 1).

Comparison of Cytokine Levels Between the Olfactory Cleft and Middle Meatus

In order to determine whether the olfactory cleft represents a unique inflammatory
microenvironment, cytokine levels in olfactory cleft mucus were compared to those of the
middle meatus. Mean levels were lower in the olfactory cleft for 11 of 14 measured
inflammatory mediators (IL-1p, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, IL-13, eotaxin, TNF-a.,
RANTES), however, none of these differences reached statistical significance (Table 3).
With the exception of IL-17A (r = 0.17, p = 0.14), levels of all measured inflammatory
mediators were moderately (IL-2, IL-10, IL-12) or strongly (IL-1B, IL-4, IL-5, IL-6, IL-7,
IL-8, IL-13, eotaxin, TNF-a, RANTES) correlated between the olfactory cleft and middle
meatus (Table 3).

Relationship Between Olfactory Cleft Cytokines and Olfactory Function

Levels of individual cytokines were next correlated with age- and sex-adjusted SIT scores.
Olfactory function was inversely correlated with olfactory cleft levels of I1L-2 (p=0.006),
IL-5 (p<0.0001), IL-6 (p=0.0009), IL-10 (p<0.0001), and IL-13 (p<0.0001) (Table 4).
Patients with and without polyps were then analyzed separately in order to eliminate this
variable as a possible confounding factor. Consistent with results from the overall cohort,
olfactory function in CRSWNP subjects was inversely correlated with levels of I1L-5
(p=0.01), IL-6 (p=0.01), IL-10 (p<0.001), and I1L-13 (p=0.001). For CRSsSNP subjects,
correlations did not reach statistical significance for any cytokines, with the exception of
IL-7, which demonstrated a weak positive correlation with SIT scores (p=0.05).

DISCUSSION

The current study is among the first to specifically assess markers of inflammation in the
human olfactory cleft. We chose to measure the levels of inflammatory mediators in
sinonasal mucus, as it is easily collected and can be standardized between patients. A
previous study also confirmed that mucus cytokine levels directly correlate with adjacent
tissue cytokine levels 28, This study utilized mucus collected at the time of surgical
intervention, however, collection of mucus is relatively non-invasive and has the potential for
office-based sample collection in non-anesthetized patients.

The present data reveals that olfactory cleft mucus from CRSwWNP patients contains elevated
levels of IL-5 and IL-13, cytokines that have been closely associated with Th2-mediated
inflammation. Interestingly, a previous report evaluating mucus cytokine levels in CRS
patients reported results that conflict with the present study 2°. No statistically significant
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difference in IL-5 levels between healthy control and CRSWNP subjects was identified, and
IL-13 levels were actually lower in CRSWNP than in control patients. However, it should be
noted that these results are in contrast to multiple previously published studies that have
confirmed elevated levels of IL-5 and IL-13 in CRSWNP tissue 39-32, and the authors
themselves questioned whether these conflicting results might be due to methodological
errors. Our findings suggest that mucus IL-5 and IL-13 levels may have potential as non-
invasive biomarkers of CRSWNP.

CRSsNP mucus was associated with reduced levels of IL-7. This cytokine is known to be
important for B- and T-cell maturation, but a role for IL-7 in CRS has not previously been
defined. In asthmatic patients, IL-7 is rapidly secreted following allergen challenge and has
been associated with the number of eosinophils in bronchoalveolar lavage fluid 33. While
multiple other cytokines were elevated in CRSsNP mucus, none of these reached statistical
significance. Substantial variability in cytokine levels were identified in CRSSNP mucus,
suggesting that this disease phenotype likely has multiple etiologies with no single
immunologic basis. Future studies with a larger patient cohort may help to further delineate
some of these potential disease endotypes.

The effect of pro-inflammatory cytokines on olfactory function remains largely unknown. In
a study of 59 patients with olfactory loss due to multiple etiologies, Henkin et al. found that
these patients had higher plasma, urine and mucus levels of IL-6 compared to patients with
normal olfactory function 34, Our study found higher mucus levels of IL-6 in both CRSWNP
and CRSsNP patients when compared to healthy controls, however, these differences did not
reach statistical significance. We did, however, find that IL-6 levels were associated with
significantly lower SIT scores. This result is in contrast to that by Schlosser et al. which
conversely demonstrated a weak positive correlation between mucus IL-6 levels and
olfactory identification scores 24. Of note, both IL-6 and IL-6 receptor expression have been
reported in olfactory mucosa 3°, and elevations in IL-6 have been associated with reduced
neurogenesis 7.

Previous studies have shown that olfactory-specific expression of TNF-a results in olfactory
dysfunction and loss of olfactory neurons in mice 29-22, However, our study comparing
mucus from CRS and healthy control subjects showed that TNF-a levels are not altered in
the human olfactory cleft, suggesting that this particular cytokine may not have an important
function in CRS-associated olfactory loss. We did, however, find that the Th2-associated
cytokines IL-5 and IL-13 are secreted in high levels within olfactory cleft mucus of patients
with CRSWNP. Interestingly, Schlosser et al. recently reported that mucus IL-5 levels were
inversely correlated with objective olfactory function in all patients with CRS 24. We
identified this association as well, while noting similar findings for the Th2-associated
cytokine IL-13, though in our case these associations seemed to be driven primarily by the
CRSwWNP phenotype. Reduced SIT scores were also associated with elevated mucus levels
of IL-2 and IL-10. IL-2 is a T-cell effector that regulates immunity and tolerance, but its role
in chronic rhinosinusitis is poorly defined. IL-10 is a Th2-associated anti-inflammatory
cytokine that inhibits the activity of Th1 cells 36, and in this case may represent a marker of
elevated Th2 inflammation, despite its anti-inflammatory properties. Of note, our group
recently reported that elevated tissue eosinophilia is associated with worse objective sense of
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smell in CRSWNP patients, suggesting that eosinophils or eosinophil-associated Th2
cytokines may have direct roles in olfactory function 37.

It should be noted that relationships between inflammatory mediators and olfactory function
highlighted in our study were somewhat dependent on polyp status. On the surface, this
would suggest that identified correlations could be driven by factors specific to the CRSwWNP
phenotype, rather than the cytokines themselves. Theoretically, if the effect of cytokines on
olfactory function is truly causative, then the phenotype should be irrelevant. However, it
should be noted that while correlations identified in the overall cohort did not reach
statistical significance in the CRSsNP subgroup, a consistent negative correlation did persist
in these patients for IL-2, IL-5, IL-6, and IL-10. Our study may therefore simply be
underpowered to identify statistically significant correlations in the CRSsNP phenotype,
largely due to a more compact range of smell function and lower overall SIT scores in these
patients. Further attempts to decipher causation vs. association will likely require larger
translational and basic science studies.

We found that cytokine levels in the olfactory cleft directly correlated with levels in the
middle meatus. These results suggest that the olfactory cleft does not represent a unique
inflammatory microenvironment, and is instead reflective of inflammatory changes within
the remainder of the sinonasal cavity. This finding should facilitate future studies that
evaluate inflammatory mediators in sinonasal mucus, since the middle meatus is easily
accessible even in awake patients. Several previous studies have specifically evaluated
olfactory cleft inflammation 2438:39 however, we would propose that subsequent studies
could instead utilize mucus from the middle meatus or ethmoid cavity as an indirect
reflection of olfactory cleft inflammation.

There are several limitations to our study that deserve further mention. First, while we have
used olfactory cleft mucus as a gauge of local inflammatory burden, it is not clear that this is
indicative of changes at the level of the olfactory epithelium itself. The olfactory epithelium
is unique in its cellular makeup and function, and its role in immune system function and
mucus secretion is poorly understood. It remains possible that levels of olfactory cleft
cytokines may be indicative of levels found in adjacent respiratory epithelium proximal to
the olfactory mucosa. While direct assessment of olfactory tissue itself would circumvent
this issue, the difficulty in obtaining adequate and consistent olfactory biopsies and the small
amount of available material for study, makes this approach less than ideal. Second, it is
likely that mucus cytokine levels may vary considerable over time and in relation to CRS or
comorbid disease exacerbations. We have attempted to negate the impact of temporal
variations by assessing olfactory function and cytokine levels on the same day. However,
subsequent studies that assess temporal variations in individual cytokines and any potential
effects on olfactory function, may help to clarify this issue. Of note, we did not exclude
patients with a history of prior endoscopic sinus surgery from our study, and it remains
possible that scarring, fibrosis or other adverse effects could alter olfactory function in these
patients, independent of inflammatory markers. Subsequent larger studies that specifically
assess this variable on olfaction will likely be forthcoming. Finally, it should be clarified that
the results of the current study do not suggest clear causation. While our data suggests an
association between specific cytokines and olfactory loss in CRS patients, certain disease-
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specific factors could also plan an important role, and this question will certainly require
further investigation.

To our knowledge, the current study is the largest to date to evaluate inflammatory changes
to the human olfactory cleft in CRS. Strengths of the study include its prospective design
and simultaneous evaluation of multiple cytokines and inflammatory mediators. Our
inability to identify significant differences for most cytokines between CRS and control
patients suggests that much larger studies will ultimately be needed going forward. It also
highlights the limitations of phenotypic categorization of CRS based on the presence or
absence of nasal polyps alone.

CONCLUSION

Olfactory cleft mucus from patients with CRSWNP contained elevated levels of IL-5 and
IL-13, while mucus from CRSsNP patients contained reduced levels of IL-7. The levels of
cytokines and inflammatory mediators in the olfactory cleft were closely correlated with
levels in the middle meatus, suggesting that the inflammatory environment in the olfactory
cleft may be similar to that within the remainder of the sinonasal cavity. Elevated levels of
IL-2, IL-5, IL-6, IL-10 and IL-13 were associated with reduced objective olfactory function
in CRS patients.
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Figurel.
Olfactory cleft mucus from subjects with CRSWNP contained elevated levels of IL-5 (A) and

IL-13 (C) while CRSsSNP mucus contained reduced levels of IL-7 (B). Data is presented as a
scatter plot with the mean and standard error for each group. *, p < 0.05 compared to
control.
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Table 1

Demographic and clinical characteristics of study population.

Healthy controls | CRSsNP

CRSwWNP | P-value

No.

Age, years

Sex, no. female (%)
Asthma, no. (%)
Allergic rhinitis, no. (%)
SNOT-22 score

CT score

SIT score

Prior surgery, no. (%)

Tissue eos/HPF

|
31 |

12 | s |
arg+-109 | 479+-23 | ass+-25 | o7
8 (67%) | 16 (52) | 15 (42) | 0.47
0(0) | 9(29) | 23 (64) | 0.007
1(8) | 17 (55) | 28 (78) | 0.07
- | 463+-164 | 468+-102 | 095
26+-22 | 126+-44 | 184+-45 | <00001
~39+-36 | -65+-93 | -166+-102 | <0001
0(0) | 8 (26) | 19 (53) | 0.05
04+-09 | 206+-350 | 755+-715 | <00001
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Table 3

Correlation between mucus cytokine levels of the olfactory cleft and middle meatus of all study patients.

Middle Meatus pg/mL, mean (range) | Olfactory Cleft pg/mL, mean (range) | r | p-value

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

IL-18 264.67 (0.18-7159) | 108.112 (0.34-2351) | 078 | <0001
IL-2 35.68 (0.19-1855) | 47.04 (0.07-2797) | 05 | <0001
IL-4 1.26 (0-21.4) | 0.94 (0.005-14.5) | 0.63 | <0.0001
IL-5 31.21 (0.005-431.6) | 21.82 (0.005-342.4) | 089 | <0001
IL-6 333.99 (1.35-9621) | 141.79 (1-2424) | 0.77 | <0.0001
IL-7 5.69 (0.17-30.6) | 6.50 (0.04-55.1) | 069 | <0001
IL-8 4912.41 (83.47-42119) | 3475.83 (118.9-32579) | o0 | <0001
IL-10 13.90 (0.04-307) | 8.20 (0.07-197.7) | 08 | <0001
IL-12 92.94 (0.27-2401) | 83.57 (0.04-766.1) | 056 | <0001
IL-13 32.20 (0.005-414.3) | 19.26 (0.005-334.9) | 075 | <0001
IL-17A 2.34 (0.05-29.9) | 4.14 (0.01-240.6) | 0.17 | 0.14
Eotaxin 23 (0.69-311.4) | 16.12 (0.065-149.5) | 073 | <0001
TNF-a 8.63 (0.08-128.6) | 8.37 (0.025-134.2) | 0.69 | <0.0001
RANTES 2030.6 (1.94-8253) | 174432 (0.71-7471) | 069 | <0001
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