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Abstract

Background and objectives: Men have higher morbidity and
mortality from COVID-19 than women, possibly due to andro-
gen receptor-regulated viral entry protein expression. This led
to a clinical trial of androgen deprivation therapy (ADT), which
has not shown a significant benefit in the outcomes among
hospitalized male COVID-19 patients. The aim of this study
was to explore biological explanations for the failure of ADT
to mitigate clinical outcomes in men with severe COVID-19 by
assessing the role of androgen in regulating viral entry protein
expression in the upper and lower respiratory tract. Meth-
ods: Immunohistochemistry was used to assess the expres-
sion of transmembrane serine protease 2 (TMPRSS2) and an-
giotensin-converting enzyme 2 (ACE2) and how it correlated
to androgen receptor expression in the sinonasal epithelium,
minor salivary glands of the sinus, lacrimal glands, and lungs
from mice pretreated with and without castration and ADT as
well as the sinonasal epithelium obtained from healthy hu-
man donors and hospitalized COVID-19 patients. Results: In
murine models, castration and ADT treatment downregulated
the expression of TMPRSS2 and ACE?2 in the sinonasal epithe-
lium, minor salivary glands of the sinus, and lacrimal glands,
but not in the lungs. Correlative analyses using human tissue
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also showed a potential role of ADT in men during the early
sinonasal phase but not in the later lung phase of SARS-CoV-2
infection. Conclusions: Our study suggests a potential ben-
efit of ADT in male patients with early COVID-19 when the
virus enters the nasopharynx, but not in those with advanced
disease. The downregulation of viral entry proteins in the up-
per respiratory system following androgen blockade may be a
key mechanism for this effect.

Citation of this article: Huang RR, Giafaglione JM, Hashi-
moto T, Zhang L, Yu W, Rao J, et al. Androgen Drives the
Expression of SARS-CoV-2 Entry Proteins in Sinonasal Tis-
sue. J Clin Transl Pathol 2023. doi: 10.14218/]JCTP.2022.
00031.

Introduction

The morbidity and mortality of COVID-19 are higher in men
than women, whereas the incidence is only slightly higher in
women.! The gender disparity indicates a potential role of
androgen and/or estrogen in the regulation of viral infection
in target cells and in the host immune response. SARS-CoV-2
viral entry into host cells is mediated by the interaction be-
tween the viral spike (S) protein and two host cell-surface
molecules: receptor angiotensin-converting enzyme 2 (ACE2)
and S protein primer transmembrane serine protease 2 (TM-
PRSS2). TMPRSS?2 cleaves the S protein and allows the acti-
vated S protein to bind to its receptor ACE2. Furin, another
cell-surface protease, is also involved in S protein priming by
cleaving the S protein on a second proteolytic site.2 TMPRSS2
is known to be transcriptionally upregulated by androgen in
the human prostate and in prostate cancer (PCa). Approxi-
mately 40% of human PCa harbors a translocation between
the TMPRSS2 and ERG genes, leading to androgen-depend-
ent overexpression of ERG oncoprotein. In early 2020, a
study from Italy showed that PCa patients on androgen dep-
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rivation therapy (ADT) had a significantly lower incidence of
COVID-19 compared to PCa patients not on ADT.3

Based on the above evidence, we hypothesized that ADT
may be able to suppress SARS-CoV-2 viral entry into tar-
get cells through the downregulation of TMPRSS2 and per-
haps ACE2 and furin. Two phase 2 randomized, double-blind,
placebo-controlled clinical trials, including our “Hormonal
Intervention for the Treatment in veterans with COVID-19
requiring Hospitalization (HITCH)” study (ClinicalTrials.gov
Identifier: NCT04397718), failed to demonstrate that rapid
suppression of serum androgen levels to a castrate range
affected the clinical outcomes of men hospitalized for COV-
ID-19.45 During the trial, several independent studies re-
ported preclinical evidence in animal models and cell lines
that androgen deprivation or androgen receptor (AR) antag-
onists reduce SARS-CoV-2 host cell entry.6-8 In this study,
we aimed to critically evaluate the role of androgen in regu-
lating TMPRSS2, ACE2, and furin protein expression in the
upper and lower respiratory tract epithelium.

Methods

Cell lines, xenografts, and patient-derived xenograft
(PDX) models

The cell lines used in this study (LNCaP, A549, H441, H2170)
were purchased from the American Type Culture Collection
(Manassas, VA, USA) and cultured in the recommended me-
dia. 16D cells were obtained from Dr. Amina Zoubeidi (Van-
couver Prostate Centre, BC, Canada) and maintained as
previously described. The cells were grown on plates coated
with 0.01% poly-L-lysine (Sigma; St. Louis, MO, USA) to en-
hance attachment. Enzalutamide (Selleck Chemicals; Hou-
ston, TX, USA; 10 puM) or apalutamide (Janssen Research &
Development; Titusville, NJ, USA; 10 pM), was replenished
every other day for the period specified in each figure. For
the castration experiments, the cells were cultured in me-
dia supplemented with charcoal-stripped fetal bovine serum
(Sigma). LNCaP cells were used for the subcutaneous xeno-
graft injections within four passages. Six-week-old male ICR/
scid mice (Taconic Biosciences, Germantown, NY, USA) were
injected subcutaneously with 5 million LNCaP cells in 100%
Matrigel to generate LNCaP xenografts. The BID-PC-1 PDX
was passaged in intact male ICR/scid mice and was hor-
mone-sensitive. Xenograft and PDX tumors were grown until
they reached a volume of approximately 1,000 mm3, and
then the mice were castrated, or castrated and placed on
enzalutamide (50 mg/kg/day) in drinking water. Seven days
following castration or castration+enzalutamide, the mice
were euthanized and the tumors were harvested.

Mouse experiments

Male C57BL/6] and C57BL/6N mice (B6) were purchased from
Jackson Laboratories (Bar Harbor, ME, USA) and housed under
the care and supervision of veterinarians from the Division of
Laboratory Animal Medicine at the University of California, Los
Angeles (USA). The mice were treated with either 10 mg/kg/
day enzalutamide (Selleck Chemicals; S1250) p.o., 50 mg/kg/
day bicalutamide (Santa Cruz Biotechnology, Santa Cruz, CA,
USA; sc-202976A) i.p., or vehicle. The vehicle used was 1%
carboxymethyl cellulose (Sigma; 419273), 0.5% Tween 80
(Fisher Scientific, Waltham, MA, USA; BP338-500), and 5%
dimethyl sulfoxide (Fisher Scientific; BP231-100) for enzalu-
tamide, and 100% dimethyl sulfoxide for bicalutamide. Cas-
trated mice were purchased from Jackson Laboratories. The
lungs, prostate, and head/nose portions were dissected, fixed
in formalin, decalcified using Immunocal (StatLab, McKinney,

TX, USA; 1414-32) if containing bones, and prepared for par-
affin sections. Half of those organs were lysed with radioim-
munoprecipitation assay buffer (Thermo Scientific; 89901)
with protease inhibitor (Sigma; CO-RO) and phosphatase
inhibitor (Thermo Scientific; 78428) for protein analysis. For
the protein extract of the nasal mucosa, the skull was taken
off from the posterior part of the body and the mandible. The
skin, muscle, and brain were removed from the skull, and the
remaining mucosal tissue and bone were submerged in lysis
buffer and mixed by vortexing. After 30 min of incubation on
ice, the lysis buffer was collected and sonicated. For immu-
nostaining, the tissue was fixed with 4% paraformaldehyde in
phosphate-buffered saline (diluted from 16% solution; Elec-
tron Microscopy Sciences, Hatfield, PA, USA; 15710) for 6-8 h
at room temperature and then processed for paraffin sections.
For mouse prostate immunohistochemistry (IHC) following
abiraterone and enzalutamide treatment, the ICR/scid male
mice were maintained at the animal facility at the Beth Israel
Deaconess Medical Center (Boston, MA, USA). The mice were
given abiraterone acetate (30 mg/kg/day) or enzalutamide
(50 mg/kg/day) in drinking water for 10 days. Following the
10-day treatment, the mice were euthanized. The prostate
with attached seminal vesicles was dissected out, fixed with
4% paraformaldehyde in phosphate-buffered saline, and then
processed for paraffin sections.

This study was carried out in accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. The protocol was
approved by the Animal Research Committee on the Ethics of
Animal Experiments of the University of California at Los An-
geles (Protocol Number: ARC-2017-020). All surgeries were
performed under sodium pentobarbital anesthesia, and all
efforts were made to minimize suffering.

Western blot and RNA sequencing

Cells were lysed in radioimmunoprecipitation assay buffer (50
mM Tris-HCI pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate; Fisher Scientific)
containing a complete protease inhibitor cocktail tablet (Roche,
Indianapolis, IN, USA) and Halt Phosphatase Inhibitor (Fish-
er Scientific). Each sample was sonicated for 40 s at 20 kHz
with a sonic dismembrator (Fisher Scientific) to improve the
membranous and nuclear protein yield. Samples were run on
NUPAGE 4-12% Bis-Tris Gel (Invitrogen, Waltham, MA, USA)
and transferred onto 0.45-pm polyvinylidene fluoride mem-
branes (Millipore Sigma, Burlington, MA, USA). Total protein
was visualized using SYPRO RUBY protein blot stain (Fisher
Scientific), and membranes were blocked in phosphate-buff-
ered saline + 0.1% Tween-20 (Fisher Scientific) + 5% milk
(Fisher Scientific) for 1 h. The membranes were probed over-
night at 4°C with the following primary antibodies: prostate-
specific antigen (PSA; Cell Signaling Technology, Danvers, MA,
USA; 5877, 1:1,000), TMPRSS2 (Abcam; Waltham, MA, USA;
92323, 1:1,000), vinculin (Abcam; 129002, 1:6,000), AR (Cell
Signaling Technology; 5153, 1:2,000), furin (Abcam; 183495,
1:1,000), glyceraldehyde 3-phosphate dehydrogenase (Ge-
neTex; Irvine, CA, USA; GT239, 1:10,000). The membranes
were then incubated with chromophore-conjugated second-
ary antibodies (Fisher Scientific) or horseradish peroxidase-
conjugated secondary antibodies (Fisher Scientific) for 1 h and
detected via florescence or horseradish peroxidase chemilu-
minescence using an Amersham ECL Prime Western Blotting
Detection Reagent (Fisher Scientific), respectively. For RNA
sequencing, RNA was extracted from 16D cells treated with di-
methyl sulfoxide or 10 yM enzalutamide for 48 h using a RNe-
asy Mini Kit (Qiagen; Germantown, MD, USA). Library prepa-
ration was performed using the KAPA Stranded mRNA-Seq Kit
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(Roche). The workflow consists of mMRNA enrichment, cDNA
generation, and end repair to generate blunt ends, A-tailing,
adaptor ligation, and polymerase chain reaction amplification.
Different adaptors were used for multiplexing samples in one
lane. The Illumina HiSeq 3000 was used to perform sequenc-
ing for 1 x 50 runs. The data have been deposited in NCBI's
Gene Expression Omnibus and are accessible through GEO
Series accession number GSE202885.

IHC

Tissue sections (3 pm) were subjected to immunohistochem-
ical staining. The sections were stained using anti-TMPRSS2
(clone EPR3861, rabbit, Abcam; 1:16,000), anti-TMPRSS2
(obtained from the Peter Nelson Lab, University of Washing-
ton, Seattle, WA, USA; mouse; 1:200), anti-AR (clone SP107,
rabbit, Cell Marque, Rocklin, CA, USA; 1:100), anti-AR (441,
mouse, Santa Cruz, 1:100), anti-ACE2 (clone MMO0073-
11A31, mouse, Abcam, 1:200), anti-ACE2 (ab15348, rabbit,
Abcam, 1:100), and anti-furin (EPR14674, rabbit, Abcam,
1:600). IHC was carried out on a Dako Link 48 autostainer
(Agilent Technologies, Santa Clara, CA, USA), with antibody
incubation for 60 min, amplification using Envision FLEX rab-
bit or mouse linkers, and visualization using the Envision Flex
High-sensitivity visualization system (Agilent Technologies).

Nasopharyngeal (NP) swabs

The NP swab specimens obtained from the HITCH subjects
were placed in viral transport media and then centrifuged
to remove the supernatant fluid. The cell pellets were trans-
ferred to a 1.5-mL Eppendorf tube. One drop of warmed His-
toGel heated at 42°C was added to each pellet. A clot formed
within 3-5 min. The clot was then processed by routine for-
malin-fixation and paraffin-embedding for histology.

Statistical analysis

Prism v8.3.0 (GraphPad; San Diego, CA, USA) was used to
generate graphs and perform statistical analyses. All t-tests
conducted were two-sided t-tests with Welch’s correction. All
error bars represent the standard error of the mean. A p-
value of <0.01 was considered statistically significant.

Results

Androgen has a minimal effect on TMPRSS2 protein
expression in murine or human PCa

Although TMPRSS2 is a canonical AR target in human PCa, it
is still unknown whether TMPRSS2 expression is exclusively
regulated by androgen in prostate tissue and PCa. To examine
the dependency of androgen regulation in TMPRSS2 expres-
sion, we assessed the changes in TMPRSS2 protein expres-
sion in prostate glands of male mice after ADT. C57BL/6 (n =
9) mice were treated with vehicle or the AR antagonist enza-
lutamide for 1 week or 2 weeks (n = 3 each). Male ICR/scid
mice (n = 8) were treated with vehicle (n = 4), enzalutamide
or the androgen synthesis inhibitor abiraterone acetate for
10 days (n = 2 each). IHC demonstrated no apparent reduc-
tion in the TMPRSS2 staining intensity in the prostate glands
post enzalutamide or abiraterone treatment compared with
the vehicle controls (Fig. 1a-b). The lack of enzalutamide-
induced downregulation of TMPRSS2 protein was observed in
both young (3 months old) and old (16 months old) C57BL/6
mice (n = 9 each). Next, we evaluated the role of androgen
in regulating TMPRSS2 expression in human PCa cell lines.
Western blot analysis showed no reduction in the TMPRSS2
protein abundance in LNCaP or 16D PCa cells by androgen

deprivation or antiandrogen treatment, despite a significant
decrease in the mRNA abundance after 48 h of enzalutamide
treatment (Fig. 1c—d). Next, we examined the expression of
TMPRSS2 in LNCaP xenografts and a hormone sensitive hu-
man PCa PDX model after castration or castration + enzalu-
tamide treatment. Immunostaining for TMPRSS2 protein in
LNCaP xenografts and the PDX tumors showed no apparent
reduction following castration or castration + enzalutamide
treatment (Fig. 1e—f). Additionally, TMPRSS2 expression was
retained in two cases of AR-negative small cell carcinoma of
prostatic origin, indicating AR-independent TMPRSS2 expres-
sion in this tumor type (Supplementary Fig. 1a). Together,
our results indicate that TMPRSS2 protein expression in be-
nign prostate epithelium and prostatic carcinoma was likely
regulated by AR-independent mechanisms, although TM-
PRSS2 mRNA expression was AR dependent.

TMPRSS2 protein expression is not androgen depend-
ent in murine or human lungs

The effect of androgen on TMPRSS2 expression in murine
lungs is controversial, partly due to the lack of validated an-
ti-TMPRSS2 antibodies for IHC in early studies.”® To assess
TMPRSS2 protein expression using IHC, we used the Abcam
rabbit anti-TMPRSS2 antibody and mouse anti-TMPRSS2 an-
tibody obtained from the Nelson Laboratory at the University
of Washington. The review of IHC staining of male human
lung tissue showed the presence of AR-positive cells in the
bronchial respiratory epithelium and the stroma of alveolar
septae. AR positivity was sparse in the alveolar pneumocytes
(Supplementary Fig. 2a). TMPRSS2 was diffusely expressed
by the bronchial respiratory epithelium, with the staining
enriched at the ciliated apical border. ACE2 positivity was
rarely detected at the apical border of the bronchial epithe-
lium (Supplementary Fig. 2a-b). TMPRSS2 and ACE2 were
expressed by alveolar pneumocytes, with the morphology
consistent with type II pneumocytes and macrophages. AR-
positive cells in the bronchial epithelium often co-expressed
TMPRSS2 and occasionally co-expressed ACE2, while co-ex-
pression of AR with TMPRSS2 or ACE2 was rare in alveolar
pneumocytes (Supplementary Fig. 2b). In male mice, AR
and TMPRSS2 positivity was detected in the alveolar stromal
cells, pneumocytes, and rarely in the bronchial epithelium.
ACE2 was expressed by both pneumocytes and the bronchial
epithelium, with strong staining at the apical border of the
bronchial epithelium. Furin was positive in the smooth muscle
bundles surrounding the bronchioles, vascular endothelium,
and alveolar pneumocytes, and it was weakly positive in the
bronchial epithelium (Fig. 2c). Next, we tested the effect of
an androgen antagonist and androgen deprivation on the ex-
pression levels of TMPRSS2, ACE2, and furin in murine lungs.
We observed no apparent reduction in TMPRSS2, ACE2, or
furin staining in murine lungs following enzalutamide treat-
ment for 1 week or 2 weeks (n = 3 each group), regardless of
the age of the mouse (Fig. 2a). Similarly, androgen depriva-
tion by surgical castration did not reduce the staining inten-
sity of any of these viral entry proteins in murine lungs (n =
6 each) (Supplementary Fig. 3). In agreement with the IHC
results in murine studies, immunoblots from three different
human lung cancer cell lines showed minimal AR expression
as well as a low level of TMPRSS2 expression that was not
altered by enzalutamide treatment (Fig. 2b).

Androgen regulates TMPRSS2, ACE2, and furin in
murine sinonasal tissue

The infection of SARS-CoV-2 in humans first occurs in the nasal
cavity and nasopharynx in the very early phase of COVID-19
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Fig. 1. TMPRSS2 protein expression in the prostate and prostate cancer is not primarily driven by androgen. (a) Representative images of TMPRSS2 IHC
of murine prostate glands (n = 18; 9 young and 9 old) treated with vehicle, enzalutamide for 1 week, or enzalutamide for 2 weeks (n = 3 each), respectively. (b)
Representative images of TMPRSS2 IHC of murine prostate glands (n = 8) treated with vehicle (n = 4), enzalutamide (n = 2), or abiraterone (n = 2), respectively. (c)
Western blots of LNCaP and 16D cells treated with castration, enzalutamide (Enza), or Apalutamide (Apa), demonstrating the expression of TMPRSS2, PSA, and the
loading control vinculin. (d) Quantification of RNA sequencing data (TPM) demonstrated reduced mRNA levels of KLK3 (PSA) and TMPRSS2 in 16D cells treated with
vehicle or enzalutamide for 48 h. Data represent the unpaired t test with Welch’s correction. ***p < 0.001, **p < 0.01. (e, f) Representative images of TMPRSS2 IHC
of LNCaP xenografts (e) (n = 2 each) and a patient-derived xenograft (f) at precastration, 7 days post castration, or 7 days post castration + enzalutamide treatment,
respectively (n = 2 each). IHC, immunohistochemistry; KLK3, kallikrein 3; PSA, prostate-specific antigen; TMPRSS2, transmembrane serine protease 2.
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Fig. 2. Androgen signaling showed no effect on regulating the expression of viral entry proteins in murine lungs. (a) Representative images of lungs of
mice (9 young and 9 old) treated with vehicle, enzalutamide for 1 week, or enzalutamide for 2 weeks (n = 3 in each group), stained with antibodies against TMPRSS2,
ACE2, furin, and AR (all at 200x magnification). (b) Western blots of LNCaP and three different lung cell lines treated with 10 uM enzalutamide for 3.5 days, blotted for
AR, PSA, TMPRSS2, and the loading control GAPDH. ACE2, angiotensin-converting enzyme 2; AR, androgen receptor; GAPDH, glyceraldehyde 3-phosphate dehydroge-
nase; PSA, prostate-specific antigen; TMPRSS2, transmembrane serine protease 2.
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TMPRSS2

Fig. 3. Co-expression of AR and viral entry proteins in the human and murine sinonasal epithelium. (a) Top panel: Representative images of human middle
turbinate stained for AR, TMPRSS2, double-stained for AR (blue) and TMPRSS2 (red), and ACE2; Bottom panel: Representative images of human inferior turbinate
stained for AR, ACE2, and double-stained for AR (red) and ACE2 (brown). (b) Representative images of murine sinonasal mucosa stained for AR, TMPRSS2, double-
stained for AR (red) and TMPRSS2, and ACE2. Top panel: respiratory epithelium, Bottom panel: olfactory epithelium (all at 400x magnification, except for the inset
magnified at 1000x with an oil lens). ACE2, angiotensin-converting enzyme 2; AR, androgen receptor; TMPRSS2, transmembrane serine protease 2.

disease. Subsequently, the virus spreads to the lower respira-
tory tract, including the bronchi and lungs, the main target or-
gans.® 1! Accordingly, we sought to assess the potential role of
androgen signaling in SARS-CoV-2 entry protein expression in
the nasal cavities. First, we performed immunostaining using
turbinate specimens from male patients who underwent si-
nus surgery. The respiratory epithelium showed a low level of
AR protein expression. TMPRSS2 and ACE2 colocalized at the
ciliated apical border of the respiratory epithelium (Fig. 3a).
Co-expression of AR and TMPRSS2 as well as co-expression
of AR and ACE2 were easily detected by dual immunostain-

ing. Next, we assessed AR expression in the nasal mucosa of
male mice by examining coronal sections of the mouse skull.
In the murine nasal cavities, the dorsal portion was lined by
the olfactory epithelium, and the ventral portion was lined by
the respiratory epithelium. AR was weakly expressed in both
the olfactory and respiratory epithelium (Fig. 3b). TMPRSS2,
ACE2, and furin were all expressed at the apical border of the
respiratory epithelium. TMPRSS2 was expressed in the res-
piratory epithelium but not in the olfactory epithelium. Co-
expression of AR and TMPRSS2 was detected in the respira-
tory epithelium, as shown in Figure 3b, with the inset showing
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Fig. 4. Castration was associated with reduced TMPRSS2 and ACE2 expression in murine sinonsal tissue and glands. (a) Representative images of coronal
sections of mouse skull, control or castrated (n = 6 in each group) at 20x magnification, stained for AR, TMPRSS2, ACE2, and furin (white arrow: minor salivary gland
of the maxillary sinus; black box: lacrimal gland; blue box: olfactory epithelium; green box: respiratory epithelium (with insets magnified at 400x). (b) Western blots of
the nasal mucosa of control and castrated mice demonstrating the expression of TMPRSS2, with the protein levels normalized by total protein stained with SYPRO RUBY.
Quantification of TMPRSS2 staining to the total protein levels shown on the right. (c) Western blots of the nasal mucosa of mice treated with vehicle or antiandrogen
for 7 days demonstrating the expression of TMPRSS2 and the loading control GAPDH. Signal quantification is shown on the right. ACE2, angiotensin-converting enzyme
2; AR, androgen receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; TMPRSS2, transmembrane serine protease 2.

colocalization of AR and TMPRSS2 in the same ciliated colum-
nar cells. ACE2 was expressed in both the respiratory and ol-
factory epithelium, with a stronger expression in the olfactory
epithelium (Fig. 3b, 4a). Furin was diffusely expressed in the
mucosa of the entire nasal cavity. Interestingly, murine lac-
rimal glands showed a strong expression of AR, TMPRSS2,
ACE2, and furin; whereas the minor salivary glands surround-
ing the respiratory sinus strongly expressed AR, TMPRSS2,
and furin (Fig. 4). Next, we evaluated the effects of ADT on the
abundance of these proteins in the sinonasal tissue by treating
mice with mock castration or surgical castration (n = 6 in each
group). In the castrated mice, the staining intensity of AR,
TMPRSS2, ACE2, and furin was markedly reduced in the lacri-
mal glands, and it was mildly reduced in the nasal epithelium
and minor salivary glands compared with that of the control

mice (Fig. 4a). Immunoblots of mouse nasal mucosa from the
same set of mice demonstrated a mild reduction of TMPRSS2
expression in the castrated mice (Fig. 4b). Additionally, we
treated mice with the androgen antagonist enzalutamide or
bicalutamide (n= 3 each) for 1 week. AR blockade was associ-
ated with a mild reduction of TMPRSS2, ACE2, and furin ex-
pression in the mouse nasal mucosa, as detected by western
blot and IHC (Fig. 4c, Fig. 4). Table 1 summarizes all experi-
ments that were conducted in this study to assess the role of
androgen in modulating the expression of viral entry proteins.

Sample inadequacy prohibited IHC evaluation for NP
epithelium collected from HITCH patients

Next, we sought to examine the potential antiviral effect of
ADT in male COVID-19 patients. First, we established the
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Table 1. Summary of results by tissue type and treatment modality

Reduced Expression Detected by IHC (or WB)

Tissue/Cell Type Treatment -
TMPRSS2 ACE2 Furin AR
Mouse
Prostate Enzalutamide or abiraterone No
Lungs Castration or enzalutamide No No No No
Sinonasal mucosa Castration or enzalutamide Yes (IHC&WB) Yes Yes Yes
Lacrimal glands Castration or enzalutamide Yes Yes Yes Yes
Minor salivary glands of sinus Castration or enzalutamide Yes No Yes Yes
Human
Prostate
Prostate cancer cell lines
LNCaP Castration £ enzalutamide No (WB)
16D Enzalutamide or apalutamide No (WB)
HSPC xenografts
LNCaP xenograft Castration £ enzalutamide No
Patient PDX Castration £ enzalutamide No
Lung
Lung cancer cell lines
A549 Enzalutamide No (WB) No (WB)
H441 Enzalutamide No (WB) No (WB)
H2170 Enzalutamide No (WB) No (WB)

IHC, Immunohistochemistry; WB, Western Blot; HSPC, Hormone sensitive prostate cancer.

protocol of NP cell block preparation and subsequent IHC
staining using NP swabs obtained from healthy male donors
(Supplementary Fig. 5a). The NP swab generated abundant
respiratory epithelial cells, with most cells strongly positive
for TMPRSS2 and a small subset of cells weakly positive for
AR and ACE2. Subsequently, we collected paired NP swabs
from HITCH trial patients at hospital day 1 (just prior to med-
ical castration) and day 8 (one week after medical castra-
tion). Unexpectedly, most of the NP samples obtained from
the HITCH patients generated few epithelial cells; therefore,
there were insufficient cells for IHC evaluation. In rare NP
samples with good cellularity, we were able to detect the
co-expression of viral guide RNA and TMPRSS2 in ciliated
epithelial cells (Supplementary Fig. 5b). Paired day 1/day 8
samples from two trial patients showed no apparent changes
in the TMPRSS2 staining intensity in rare NP cells (Supple-
mentary Fig. 5c¢). Further optimization of the methodology
was not able to increase the cellularity of the patient sam-
ples. Thus, we discontinued NP swab collection, given the
risk of disease contraction during the sample collection and
handling.

Discussion

Randomized clinical trials have failed to show that ADT im-
proves the clinical outcomes of hospitalized male COVID-19
patients.#>:12 Murine studies have reported conflicting data
on androgen-mediated regulation of the expression of vi-
ral entry proteins in the lungs.6-8:13.14 In our IHC survey of
mouse and human tissues, we detected the co-expression
of AR and viral entry proteins in sinonasal tissues and the
bronchial epithelium, while the co-expression was rarely de-

tected in the pulmonary alveolar tissue. In the mouse stud-
ies, castration and AR antagonist treatment were associated
with the reduced expression of viral entry proteins in the
sinonasal tissue but failed to do so in the lungs.

Our observations in the murine experiments do not align
with prior studies that demonstrated androgen-mediated
TMPRSS2 and ACE2 expression in the lungs.®” The discrep-
ancy is likely due to the difference in detection methods. Qiao
et al.> measured TMPRSS2 expression using RNA sequencing
and RNA in-situ hybridization. The authors did not measure
TMPRSS2 protein expression in murine or human lungs due
to the lack of a suitable IHC antibody. Likewise, they showed
co-expression of AR and viral RNA in murine and human
lungs using in-situ hybridization dual staining. Importantly,
the transcript and protein levels of many genes are poorly
correlated, including for AR-regulated genes. In support of
this notion, enzalutamide reduced TMPRSS2 mRNA expres-
sion but did not reduce the TMPRSS2 protein levels in PCa
cell lines (Fig. 1c-d). In our dual IHC staining experiments,
the co-expression of AR and ACE2 was rare in the human
alveolar epithelium (Supplementary Fig. 2b). In line with
our findings, Baratchian et al. found that treatment with en-
zalutamide did not decrease pulmonary TMPRSS2 or ACE2
protein expression in male mice.!3 Similarly, Li et al. have
reported that enzalutamide treatment failed to downregu-
late TMPRSS2 expression in mouse lungs and human lung
organoids. Moreover, they observed that enzalutamide treat-
ment did not inhibit SARS-CoV-2-driven entry into lung cells
in mouse models.® Similarly, a recent study has shown that
enzalutamide treatment did not suppress TMPRSS2 mRNA
expression and had no impact on SARS-CoV-2 infection in
differentiated human bronchial epithelial cells.14
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In our study, the co-expression of AR with TMPRSS2 or
ACE2 was detected in human and murine sinonasal mucosa
(Fig. 3-4). Castration or AR antagonist treatment down-
regulated the expression of TMPRSS2, ACE2, and furin in
murine sinonasal tissue. Notably, the AR expression in the
lacrimal glands and minor salivary glands of the sinus was
much stronger compared with that in the sinonasal epithe-
lium, indicating that those adjacent exocrine glands are more
sensitive to ADT. While the nasal epithelium is a putative pri-
mary target for SARS-CoV-2 replication in the early stage
of COVID-19,9-11:15 recent studies have shown that the sali-
vary glands and lacrimal glands are potential primary targets
in early COVID-19.16-20 The lacrimal glands and ducts may
serve as a part of the ocular route of viral infection.16.21 The
salivary glands are potential viral reservoirs for COVID-19
asymptomatic infection.19:22.23 Based on these findings, we
speculate that ADT is potentially effective in men with early
COVID-19, when the virus infects and replicates in the sinon-
asal tissue and adjacent organs. Nevertheless, our study has
several limitations that must be addressed. We did not per-
form a SARS-CoV-2 viral infection experiment in mice, which
would require transduction of humanized ACE2. Further, such
experiments would require Biosafety Level 3 laboratories,
which was not feasible during the execution of our study. In
addition, we were not able to obtain evidence of AR-mediated
TMPRSS2 expression in human NP mucosa due to inadequate
NP swab samples obtained from patients in the HITCH study.

The findings from our study implied a role of ADT in the
early NP stage of COVID-19 but not in the pneumonia stage.
This observation partially explains the failure of ADT in hos-
pitalized men with COVID-19 in clinical trials, including the
HITCH trial. The negative results of ADT in hospitalized pa-
tients may be traced to multiple factors. For instance, the
HITCH trial reported reduced serum testosterone levels in
the placebo group at day 8 and day 15, leading to a smaller
difference in the serum testosterone levels between the de-
garelix group and the placebo group.* Men with critical ill-
ness frequently have decreased serum testosterone levels,
through a decrease in adrenal and gonadal androgen syn-
thesis.24-26 This observation further argues against the utility
of ADT in late COVID-19. As such, there may be a limited
window for ADT to be beneficial, i.e., when the viral infection
mainly involves the nasopharynx and when the patients have
normal testosterone levels. To test the benefit of ADT in early
COVID-19, Cadegiani et al. treated male COVID-19 outpa-
tients with a short course of androgen blockade (ClinicalTri-
als.gov Identifier: NCT04446429; EAT-DUTA AndroCoV trial
in Brazil).27-2° However, the benefit of ADT in early COVID-19
remains inconclusive, and we are awaiting results from inde-
pendent trials.

Conclusions

We detected androgen-dependent regulation of TMPRSS2
and ACE2 in mouse sinonasal tissue but not in the mouse
lungs. Our findings indicate a potential protective role of ADT
in men with early-stage COVID-19.
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