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Abstract

Rhinologists may be one of the highest-risk subspecialties in otolaryngology for exposure to SARS-CoV-2 as the sinonasal passage seems to be a reservoir for the
virus. Previous data indicate nasal epithelial cells express the primary receptor for SARS-CoV-2, Angiotensin-Converting Enzyme-2 (ACE2). However, no data exist profiling
the regional expression of ACE2 or the expression of transmembrane serine protease 2 (TMPRSS2), an additional protease necessary for SARS-CoV-2 viral entry, within
the sinonasal cavity. We sought to assess for anatomic expression of ACE2 and TMPRSS2 throughout the nasal cavity and paranasal sinuses. We hypothesize that ACE2
and TMPRSS2 are expressed throughout the nasal cavity and paranasal sinuses.

To test this hypothesis, we sampled various regions of the sinonasal cavity from patients undergoing rhinology procedures and used immunohistochemical staining
to profile ACE2, compare ACE2 expression between regions, and compare ACE2 expression between patients and patient characteristics.

We found ACE2 and TMPRSS2 are present throughout the sinonasal cavity without a regional pattern among anatomic regions in our patients. We found no statistically
significant correlation in ACE2 expression with patient characteristics such as age, sex, or BMI. We also did not find a statistically significant correlation between ACE2 and
TMPRSS2 quantitative expression. ACE2 expression trended higher in males compared to females for six out of seven regions excluding the nasal floor.

In conclusion, ACE2 and TMPRSS2 are expressed ubiquitously throughout the sinonasal cavity. ACE2 expression may be higher in the sinonasal cavity in males
compared to females. These data implicate that SARS-CoV-2 is unlikely to discriminate between anatomic regions as a point of entry and that anatomic regions likely are
similar in viral load. Thus, all rhinology and skull base surgeries, independent of encounter of the anatomic region in the sinonasal cavity, predicate screening for SARS-
CoV-2, and necessary personal protective equipment.

Introduction

The SARS-CoV-2, Coronavirus Disease (COVID-19)
pandemic has triggered a global emergency. To date, over 3
million cases of COVID-19 have been diagnosed worldwide. The
healthcare industry is focused on creating operating principles
that protect both patients and providers who may be exposed

during their care of COVID-19 symptomatic and asymptomatic
patients. Early reports indicate some specialties are more at risk
for contracting COVID-19. Working in proximity to anatomic
regions high in viral load and performing aerosol-generating
procedures may expose anesthesiologists, pulmonologists,
and otolaryngologists at a higher rate than other physician
specialties. Rhinologists, or otolaryngologists who specialize

Citation: Price ME, Nallani R, Bodine JS, Gaur G, Arnold L, et al. (2022) Profiling ACE2 and TMPRSS2 expression in sinonasal mucosa. Arch Otolaryngol
Rhinol 8(4): 020-026. DOI: https://dx.doi.org/10.17352/2455-1759.000148




P PeertechzPublications

in endoscopic sinus and skull base surgery, may be one of the
highest-risk subspecialties in otolaryngology. An endoscopic,
pituitary surgery in Wuhan, China has been reported to have
infected fourteen individuals involved in case [1]. This has since
been challenged by others who believe the infections happened
in the post-operative care of the patient [2]. Regardless, the
actual risk of performing these types of procedures is currently
unknown.

The nasal cavity is a common site of viral entry, and viral
loads in symptomatic patients are higher in the nose than in
the throat [3,4]. However, the viral load within the paranasal
sinuses, in comparison to the nasal cavity, nasopharynx, or
oropharynx, is also currently unknown. Membrane-associated
Angiotensin-Converting Enzyme-2 (ACE2) serves as the
primary receptor for SARS-CoV-2 [5]. Before cell entry, SARS-
CoV-2 must be cleaved by transmembrane serine protease 2
(TMPRSS2). Research on SARS-CoV, a genetic relative of SARS-
CoV-2, following the SARS epidemic showed infection of nasal
and tracheobronchial cells is ACE2 receptor-dependent and can
result in the shedding of infected ciliated cells into the airway
lumen [6]. Recent data corroborate a similar entry mechanism
for SARS-CoV-2 [7]. Identifying anatomic regions rich in ACE2
and the necessary TMPRSS2 may serve to aid in determining
the risk of viral load exposure during endoscopic or skull base
surgery. On top of determining surgeons’ risk of contracting
the viral illness, an analysis of patient characteristics
associated with higher levels of ACE2 and TMPRSS2 may open
doors to understanding which patients have a higher risk for
earlier symptom onset, more severe disease, or increased
transmissibility. The role of the relationship of ACE2 and
TMPRSS2 expression with asthma and allergic sinusitis/
rhinitis is still developing and may play an important role in
both inpatient risk of COVID-19 and surgeon risk of exposure to
SARS-CoV-2 in rhinology surgery. Additionally, a comparison
of ACE2 expression across epithelial tissue of patients with
inflammatory pathologies such as cancer could shed light on
the role of ACE2 in diseases besides COVID-19.

The distribution and regional expression of ACE2 and
TMPRSS2 throughout the nasal cavity and paranasal sinuses
are unknown. We hypothesize that ACE2 and TMPRSS2 are co-
expressed throughout the nasal cavity and paranasal sinuses.
To test this hypothesis, we sampled nasal mucosa from patients
undergoing rhinologic surgery and assessed for ACE2 and
TMPRSS2 expression via immunohistochemistry. Recently, the
olfactory epithelium was shown to express ACE2 at a markedly
higher rate than non-olfactory epithelium [8]. We sought to
map the relative ACE2 and TMPRSS2 expression throughout
the latter tissue within anatomic regions of the nasal cavity
and paranasal sinuses. We also compared ACE2 and TMPRSS2
levels across patient characteristics. Understanding the relative
burden of disease within the sinuses may help guide physicians
in determining their personal risk of contracting COVID-19
as well as long-term considerations in wound healing and
outcomes following sinus procedures in COVID-19-positive
patients. Finally, a correlation of ACE2 expression with cancer
survival times aims to expand the discussion of the enzyme to
include other disease processes.
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Methods
Patients and clinical specimens

Formalin-Fixed Paraffin-Embedded (FFPE) tissue
specimens from fifteen patients were collected by the
Department of Otolaryngology, University of Kansas Medical
Center. All patients were either screened with a University of
Kansas Hospital surgical screening protocol or by COVID-19
viral testing and as well as PCR. All patients tested negative
with no known history of COVID-19-positive testing. The
Institutional Review Board approved the study after a review
of compliance with ethical standards and samples were
collected and deidentified after obtaining written informed
consent. Nasal mucosal tissue from seven different regions
within the nasal cavity (nasal floor, sphenoid sinus, inferior
turbinate, ethmoid bulla, middle turbinate, uncinate process,
and nasopharynx) was collected from patients undergoing
procedures that resulted in excess surgical tissue of these
regions.

Immunohistochemical analysis

Sections (4pm) from formalin-fixed, paraffin-embedded
samples mounted on adhesive slides were subjected to
immunohistochemical staining of ACE2. Briefly, after
deparaffinization and rehydration, tissue sections were pre-
treated using citrate buffer for 5 min in a pressure cooker.
After 10 min cooldown, hydrogen peroxide (3%) was applied
to the sections to quench endogenous peroxidase activity.
Sections were then incubated with primary antibodies against
ACE2 (rabbit polyclonal ab15348; 1:2000 dilution; Abcam,
Cambridge, MA) or TMPRSS2 (rabbit polyclonal PA5-83286,
ThermoFisher, Waltham, MA) for 30 min., buffer rinsed and
followed by a 30 min incubation with MACH 2TM Rabbit
HRP-Polymer (Biocare Medical, Pacheco, CA, USA). Finally,
the staining was visualized by DAB+ (Dako, Carpinteria, CA,
USA). Immunohistochemical staining was performed using the
Biocare Medical IntelliPATH FLX Automated Stainer at room
temperature. A light hematoxylin counterstain was performed,
following which the slides were dehydrated, cleared, and
mounted using permanent mounting media.

Aperio ImageScope (Version 12.3.0) was used for the
computer-based analysis of digitally scanned slides. Epithelial
cell compartments were cordoned off digitally from stromal
compartments using a circle tool. ACE2 expression was
quantified using the cytoplasmic analysis function and
TMPRSS2 expression was quantified using the sum of the
cytoplasmic and nuclear analysis function. Percent cytoplasmic
staining for each intensity of the stain on the +1, +2, or +3
scale was determined. Composite scores were calculated by
multiplying the percent positivity with the intensity score.
The composite scores at each intensity were then added for
each slide to get the total composite score. The cumulative
composite score was the average composite score of all regions
sampled per patient. Statistics were performed using GraphPad
Prism by non-parametric testing with either Mann Whitney or
one-way ANOVA with Kruskal-Wallis post-test as indicated in

the text and figure legends.
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PCAWG analysis

Pan-Cancer Analysis of Whole Genomes (PCAWG) was used
to determine predicted cancer patient outcomes in high/low
ACE2 expression. The log-rank test validated the significance
between the high and low groups. Kaplan-Meier plots were
generated and downloaded from the PCAWG Xena browser.

PCAWG pan-cancer data for ACE2 and TMPRSS2 were
downloaded from the Xena browser using the PCAWG donor-
centric cohort. Datasets were then uploaded to GraphPad
Prism 8 and Pearson correlation plot was generated (r > 0.4
significance cutoff).

Results

ACE2 and TMPRSS2 expression and patient characte-
ristics

We included samples from fifteen patients in our study.
The patients included were 14 adults with a median age of 56.5
years and a range of 23-86 years and one pediatric patient. The
sex distribution was 22% female (4/15). 11 patients were never
smokers, three patients were former smokers, and one patient
was a current smoker. None of the patients had Angiotensin-
Converting Enzyme (ACE) inhibitors or angiotensin receptor
blockers as medications listed in their medical history. To
determine if there was any correlation between ACE2 and
TMPRSS2 expression with patient characteristics we compared
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regional composite scores and cumulative positive scores
with patient characteristics (Table 1). There was no statistical
correlation between ACE2 or TMPRSS2 composite scores and
any of the patient characteristics including comparing patients
with sinusitis compared to patients without sinusitis (51.38 +
10.78 for control cumulative composite score; n = 9 compared
to 48.52 + 23.12 composite score for sinusitis; n = 5; p >
0.9999 by Mann-Whitney test) Figure 1. There was, however,
a trend for males to have higher regional ACE2 in all seven
regions sampled and a trend toward a higher average ACE2
composite (Figure 2A-B). All patients from whom TMPRSS2
was quantified were male.

ACE2 and TMPRSS2 are expressed throughout various
regions of the nasal cavity and localize primarily to the
epithelium

We hypothesized that nasal cavity mucosal ACE2
expression would vary based on region. We found positive
ACE2 expression across all sites sampled from every patient
(Figure 3A-N) except for one sphenoid sinus sample (Figure
3A-N). Within the mucosa, ACE2 localized primarily to the
cytoplasm of cells, independent of the site sampled (Figure 3A-
N). The single sample that did not demonstrate ACE2 staining
was devoid of epithelium, most likely due to an error in
sampling or processing (data not shown). Similarly, TMPRSS2
was expressed throughout every sample tested in every region
(Figure 30-U).

Table 1: Demographics and Select Characteristics of Patients Sampled for ACE2 Profiling.

Record Age Gender Race/Ethnicity s:::tf;g Diagnosis Comorbidities
1 49  Female White Hispanic 35.5 Never Smoker CSF Leak/Meningocele None
2 65 Female White non-Hispanic 229 Never Smoker CRS/Allergic Fungal Sinusitis Migraine Headaches
3 63  Female White non-Hispanic 20.9 Never Smoker S;S:;Zn;;ntjzzlsggﬁv;a/t:;n Hypertension, Hyperparathyroidism
4 23 Male White non-Hispanic 24.7 Never Smoker JNA None
5 54  Female White non-Hispanic 39.5 Never Smoker Suprasellar Brain Tumor Depression
6 37 Male White non-Hispanic 40.1  Former Smoker Pituitary Mass Gout
7 <18 Male White non-Hispanic 19.0 Never Smoker JNA Asthma

Arthritis, Coronary Artery Disease, Heart Murmur, Hyperlipidemia,

8 86 Male white non-Hispanic 34.7  Former Smoker CRSsNP

Hypertension

9 52 Male white non-Hispanic 41.6 Never Smoker Pituitary Adenoma Hypothyroid

Thyroid and Lymph node Cancer, Diabetes mellitus,

10 73 Male white non-Hispanic 32.1 Former Smoker CRSwWNP Hyperlipidemia, Hypertension, Hypothyroidism, Neck Mass/
Thyroid, Neuropathy

11 56 Male white non-Hispanic 43.5 Never Smoker CRSsNP Deep vein thrombosis, GERD, Hepatitis C, Hypertension

12 26 Male white non-Hispanic 41.9 Never Smoker Pituitary Tumor Elevated Cholesterol, Hypertension

13 57 Male white non-Hispanic 28.7 Never Smoker CRSsNP Hyperlipidemia, Hypothyroidism, GERD, Hypertension

Sleep Apnea, Hypertension, Neuropathy, Bipolar Disorder, Type Il
Diabetes, Hyperlipidemia, Prostatic Hyperplasia
Obstructive Sleep Apnea, Chronic Obstructive Pulmonary
Disease, Gastroesophageal reflux disease, Depression,
Hypertension, Hypothyroidism, Pituitary Adenoma, Hepatitis C,
Thrombocytopenia, Type Il Diabetes, Anemia, Urinary Retention,
Low Pressure, Hydrocephalus, Cerebral Ventriculitis, Leukopenia,
Bipolar 1 Disorder, Anxiety Disorder, PTSD

14 60 Male white non-Hispanic 30.4 Never Smoker CRSsNP/Inverted Papilloma

Native American/
Alaskan Native 33.9
Hispanic

15 61 Male Current Smoker CRSsNP

CSF: Cerebrospinal Fluid; CRS: Chronic Rhinosinusitis; PNA: Pneumonia; JNA: Juvenile Nasopharyngeal Angiofibroma.
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ACE2 and TMPRSS2 expression varies between patients
and anatomic region of the nasal cavity and paranasal
sinuses

To further understand the relative expression in each region,
we quantified both percent positivity and signal intensity
to develop a composite score (percent positivity multiplied
by intensity) for each region. Regional ACE2 and TMPRSS2
expression varied between regions and among patients
(Figures 4A and 4B). There was no statistically significant
difference in composite scores between different regions
among all the patients for ACE2 or TMPRSS2 (Figure 4A; p =

Patient’s undergoing
sinonasal surgery,
n=15

Excess surgical tissue collected from
various sinonasal regions

l

Immunohistochemical
staining

All regions from 1 patient lost
due to technical error

Inadequate tissue for staining
some regions

Composite score for
each available region,
n=14

!

Cumulative composite score average
composite score for each patient,
n=14

Figure 1: Flow chart of sample collection and analysis. Excess surgical tissue
samples were collected from 15 patient from different regions of the sinonasal

cavity. These samples were then subjected to immunohistochemical staining for
ACE2 and TMPRSS2 followed by quantification of composite score per sinonasal
region and mean score of all regions (cumulative score) for each atient.
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Figure 2: Female vs. male ACE2 composite scores. A) Female vs. male ACE2

composite scores for various regions of the nasal cavity, n = 3-4 female and 7-8
male per group. p values above bars are result of individual Mann-Whitney tests. B)

Female vs. male ACE2 cumulative composite score for all sampled regions of the
nasal cavity. n = 4 female and 8 male per group. P value above bars is a result of a
Mann-Whitney test).
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Figure 3: ACE2 and TMPRSS2 localization in various regions of the nasal cavity.
ACE2, A-N; TMPRSS2, 0-UNasal floor: A, H and O; inferior turbinate: B, I, P; middle
turbinate: C, J, Q; uncinate process: D, K, R; ethmoid bulla: E, L, S; sphenoid sinus: F,
M, T; nasopharynx: G, N, U. Low magnification, A-G; high magnification H-N.
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Figure 4: Comparison of ACE2 and TMPRSS2 composite scores across different
regions of the nasal cavity. A) There is no statistically significant difference in
ACE2 and TMPRSS2 composite score between regions for all patients (p = 0.22
by Kruskal-Wallis test; n = 3-8 per group. B) There is no statistically significant

difference in TMPRSS2 composite score between regions for all patients (p =
0.54 by Kruskal-Wallis test; n = 7-8 per group). C) There is no correlation between
ACE2 and TMPRSS2 composite score (R? = 0.02, Y = 0.2802*X + 198.7 by Pearson
correlation).

0.22 by Kruskal-Wallis test; Figure 4B; p = 0.54 by Kruskal-
Wallis test). However, the nasopharynx trended toward higher
ACE2 expression, and the nasal floor trended toward lower
ACE2 expression. Finally, while the presence of both ACE2
and TMPRSS2 was ubiquitous in all samples evaluated, there
was no statistically significant correlation between ACE2 and
TMPRSS2 composite score (Figure 4C; R*> = 0.02, by Pearson
Correlation linear regression). In combination, these data
suggest no generalized regional specificity of ACE2 or TMPRSS2
expression within the nasal cavity.
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Pan-cancer analysis of whole genomes (PCAWG) ex-
pression

To determine the relevance of ACE2 and TMPRSS2
expression in cancer pathologies, we utilized the PCAWG
dataset, a project combining the International Cancer Genome
Consortium (ICGC) and The Cancer Genome Atlas (TCGA)
datasets across 38 tumor types (n = 2,834). We compared
ACE2 and TMPRSS2 mRNA expression and found that, at
a Pearson cutoff of > 0.4, the two genes were significantly
correlated in the dataset (Figure 5A). We then evaluated the
5-year survival of cancer patients who were either high or low
ACE2 expressors. We found that high ACE2 expressors showed
a significant decrease in survival probability compared to low
ACE2 expressors (Figure 5B). There were 641 patients in both
high and low groups.

Discussion

Our data demonstrate that ACE2 and TMPRSS2 are
ubiquitously present throughout the epithelium of various
regions of the nasal cavity, paranasal sinuses, and nasopharynx.
Importantly, relative ACE2 and TMPRSS2 regional expression
vary widely between patients and there is no consistent pattern
of ACE2 or TMPRSS2 relative expression to a specific region.
The presence of ACE2, the receptor for SARS-CoV-2, and the
protease, TMPRSS2, throughout these regions highlights the
risk of viral exposure when performing procedures that access
these regions. Because ACE2 and TMPRSS2 proteins are more
relevant than mRNA for viral entry, mRNA levels were not
quantified.

Clinical sampling supports the nasal cavity to harbor SARS-
CoV-2viral load. Strong evidence supports ACE2 as the receptor
for entry of the SARS-CoV-2 virus [7]. Our data corroborate
previous reports of ACE2 expression in the paranasal sinuses
[9]. Other data suggest the relative abundance of ACE2 in the
upper respiratory tract is less than that of the lower respiratory
tract [10]. This relatively lower ACE2 presence in the upper

PCAWG cohort (n = 2834)
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respiratory tract has been suggested to limit the transmissibility
of SARS-CoV [11]. In the context of SARS-CoV-2, a report of
two patients demonstrated comparable viral load from throat
swabs compared to sputum samples [12]. A separate study
demonstrated higher viral load from nasal swabs compared to
throat [3,4]). In combination, data from these reports suggest
the viral load in the nasal cavity is similar, if not greater, than
that of the lower airway.

Extrapolation of ACE2 localization to viral load in the
nasal cavity and paranasal sinuses, and risk of contracting the
virus during procedures that access these regions is limited.
Recent data suggest that while necessary for viral entry, ACE2
alone is not sufficient for viral infectivity [7]. Co-expression
of the serine protease TMPRSS2 or a cathepsin is apparently
necessary for viral infectivity and replication [7]. Thus,
presence of ACE2 alone may not be the sufficient to characterize
regional viral burden potential within a tissue. Despite this, it
is well established that the nasal cavity is an abundant source
of viral load, and the epithelial cells of the nasal cavity likely
harbor the molecular machinery necessary for viral entry
and replication. Although our samples were derived from
a small yet diverse group of patients, limiting matching of
our samples, our data clearly indicate that ACE2 is expressed
throughout the nasal cavity. However, the inter-patient and
inter-region variability of ACE2 expression in a small sample
size, makes it difficult to generate statistical confidence related
to regional ACE2 expression. Identifying potential confounders
of ACE2 expression in the nasal cavity and paranasal sinuses
or sampling from a larger more homogenous group of patients
may allow for better mapping of the anatomical distribution
of ACE2. This, however, may be of little benefit as sinonasal
disease or SARS-CoV-2 infection may alter ACE2 expression. To
further elucidate the relative contribution of specific anatomic
regions to viral burden, direct viral measurement from infected
patients is needed.

Our data identify sex as a potential source of variability of
ACE2 expression (Figure 2A-B) and the trend for male ACE2

PCAWG 5-year survival ACE2

B <-1.552(n=641)
B >=-1.552 (n=641)

054
P-value = 0.000
Log-rank test statistics = 475.6
) S0 1000 1,500
DAYS

Figure 5: Pan-cancer analysis of whole genomes (PCAWG) investigation of ACE2 and TMPRSS2 in cancer patients. A) Pearson’s correlation analysis between ACE2 and

TMPRSS?2 are significant (r = 0.4107, p= 2.079e %, n = 2,834). B) Kaplan Meier survival analysis of ACE2 in cancer patients stratified by high and low (n = 641 for both groups)
ACE2 expression calculated by log-rank test. Patients with high ACE2 expression have a significant (p = 0.000) decrease in survival.
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to be higher, although not statistically significant, warrants
further evaluation. Early epidemiological reports showed that
male individuals were more commonly affected, although more
recent reports demonstrate equivalent distribution of infected
cases [13-15). Whether or not sex is a risk factor for SARS-
CoV-2 transmissibility is unknown, and it may be worthwhile
in future studies to investigate whether the trend toward
higher ACE2 expression in men has implications for increased
transmissibility, higher severity, or earlier onset of disease.

Additional risk factors for SARS-CoV-2 disease severity may
also be associated with ACE2 expression or viral load in the nasal
cavity. Due to our small sample size and heterogeneous cohort,
we did not identify any relationship between other factors such
as age, comorbidities, or smoking status. Moreover, our study
was designed to serve as a preliminary anatomic atlas of ACE2
and TMPRSS2 expression and was not powered to attempt to
identify differences driven by patient characteristics. These
secondary analyses serve only as preliminary data to support
the need for additional study and should be interpreted with
caution. Our data are also limited by ethnicity as all but one
of our patients selected white non-Hispanic as the ethnic
designation. Our study group consisted only 2 former smokers
and one current smoker limiting any conclusion about the
role of smoking in ACE2 and TMPRSS2 expression. Analyses
of cancer genome databases suggests that ACE2 expression
correlates with reduced survival in cancer patients, drawing
a potential biomolecular link between cancer and COVID-19
and highlighting the role of ACE2 in pathologies associated
with inflammation. This finding prompts further study into
a mechanistic understanding of the potential role of ACE2 in
malignancy. The mechanistic relationships possibly linking
mortality of ACE2, TMPRSS2 and SARS-CoV2 are beyond the
scope of this study and more work is needed in this area.

In summary, we have demonstrated that ACE2, the SARS-
CoV-2 receptor, and TMPRSS2, a protease necessary for SARS-
CoV-2 viral entry, are present throughout the epithelium of
the nasal cavity and paranasal sinuses. ACE2 nor TMPRSS2
expression does not have apparent anatomic patterns but ACE2
may be increased in the nasal cavity and paranasal sinuses
of males compared to females. These data reinforce the need
for caution, screening for SARS-CoV-2, and use of necessary
protective equipment when performing rhinologic and skull
base surgeries during this time.
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