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Abstract

The current pandemic (COVID-19) caused by severe acute respiratory syndrome Key Words
coronavirus 2 (SARS-CoV-2) is a global health challenge with active development of » COVID-19
antiviral drugs and vaccines seeking to reduce its significant disease burden. Early reports  » androgen signaling
have confirmed that transmembrane serine protease 2 (TMPRSS2) and angiotensin » TMPRSS2
converting enzyme 2 (ACE2) are critical targets of SARS-CoV-2 that facilitate viral entry into  » ACE2

host cells. TMPRSS2 and ACE2 are expressed in multiple human tissues beyond the lung » SARS-CoV-2
including the testes where predisposition to SARS-CoV-2 infection may exist. TMPRSS2 > prostate cancer

is an androgen-responsive gene and its fusion represents one of the most frequent
alterations in prostate cancer. Androgen suppression by androgen deprivation therapy
and androgen receptor signaling inhibitors form the foundation of prostate cancer
treatment. In this review, we highlight the growing evidence in support of androgen
regulation of TMPRSS2 and ACE2 and the potential clinical implications of using androgen
suppression to downregulate TMPRSS2 to target SARS-CoV-2. We also discuss the future
directions and controversies that need to be addressed in order to establish the viability
of targeting TMPRSS2 and/or ACE2 through androgen signaling regulation for COVID-19
treatment, particularly its relevance in the context of prostate cancer management.

Endocrine-Related Cancer
(2020) 27, R281-R292

Introduction

The current pandemic of coronavirus disease 2019
(COVID-19) is a disease caused by a new coronavirus
termed SARS-CoV-2 by the World Health Organization
(WHO) and has rapidly spread to at least 114 countries
(Park 2020), with nearly 3 million confirmed cases
resulting in over 200,000 confirmed deaths as of April
28, 2020 (https://www.who.int/emergencies/diseases/
novel-coronavirus-2019). The clinical spectrum of this
novel disease ranges from asymptomatic or mildly

symptomatic to severe and critical illness. COVID-19
symptoms include fever, respiratory symptoms (cough
and dyspnea), gastrointestinal symptoms (diarrhea
and anorexia) (Han et al. 2020), and olfactory and taste
disorders (Xydakis et al. 2020). Headache and myalgias
are also prominent. It is clear that cancer patients on
the whole are at greater risk of contracting COVID-19
and have a poorer prognosis due to a compromised
immune system. Patients with severe COVID-19 mount
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a proinflammatory immune response characterized by
excess cytokine production and a paradoxically immune-
suppressed state with persistently depressed peripheral
T-cell counts (Zhou et al. 2020). Progressive disease leads
to acute respiratory distress syndrome (ARDS), multi-
organ failure with cardiac complications, thrombosis, and
death, prompting multifaceted approaches to mitigation
including immunomodulation in addition to antiviral
therapy. Increasing epidemiologic data indicate that
although the incidence of COVID-19 is similar between
genders, the severity and progression of COVID-19 is
significantly greater in men than women. One hypothesis
to account for this infection discrepancy is that viral
entry is potentially enhanced in the lungs and other
tissues of men.

The SARS-CoV-2 virus particle is 60-100 nm in
diameter with a single sense strand of nearly 30 kb of
RNA. The cellular entry mechanism involves interaction
of a viral spike glycoprotein with transmembrane
angiotensin-converting enzyme 2 (ACE2) (Jin et al.
2020b). The subsequent cleavage of the spike protein
by transmembrane protease serine 2 (TMPRSS2) is
necessary for viral infection. Both of these proteins are
androgen regulated. While other proteases are involved,
TMPRSS2 is of particular interest. It is an exquisitely
androgen-regulated gene associated with prostate cancer
(Bertram et al. 2013). The androgen receptor (AR), and
associated signaling, is prominent in prostate tissues as an
essential determinant of its development and progression
of both benign and adenocarcinoma tissue. Additionally,
the inhibition of the androgen signaling axis impacts
organs throughout the body inclusive of the lungs.
Androgen-targeted therapy may impact susceptibility
or mortality risk in prostate cancer patients. This review
discusses the current considerations for prostate cancer
patients and their treatment in the context of the
COVID-19 pandemic, as  our  understanding
of the of this new prostate cancer
comorbidity emerges.

ramifications

Hypothalamic-pituitary-gonadal axis

Androgens, in particular testosterone, are critical in the
pathogenesisandevolution of prostate cancerasunderscored
by seminal work by Huggins in the 1940s that formed
the theoretical basis for androgen deprivation therapy
(Huggins 1942). In a healthy adult male, approximately
90% of circulating testosterone levels are secreted by Leydig
cells in the testes, with about 5-10% being produced by
the adrenal glands. The biosynthesis of testosterone is
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regulated by the hypothalamic-pituitary-gonadal (HPG)
axis whereby pulsatile release of gonadotropin-releasing
hormone (GnRH) from the hypothalamus regulates
synthesis and secretion of gonadotropins (luteinizing
hormone or LH and follicle-stimulating hormone or FSH)
from the pituitary gland (Fig. 1). LH, in turn, stimulates
synthesis of testosterone in the gonads (testicles). GnRH
and LH signaling are inhibited by increasing systemic
of testosterone (Kluth et al. 2014).
Testosterone is the primary circulating male hormone with
only 1-2% existing in a free state, the remaining bound to
sex-hormone-binding globulin or albumin (Imamoto et al.
2010). DHT is the primary androgen in peripheral tissues
resulting from testosterone conversion by the enzyme
Sa-reductase in the prostate, testes, skin, hair follicles, and
adrenals (Imamoto et al. 2008).

Although pulsatile stimulation of the pituitary by
GnRH is required for generation of gonadotropins,
continuous stimulation of pituitary GnRH receptors
results in desensitization and downregulation of these
receptors with eventual decrease in circulating sex steroids
inclusive of androgens (Kluth et al. 2014). This negative-
feedback loop serves as the mechanism of action of
luteinizing-hormone-releasing hormone (LHRH) agonists,
while antagonizing the LHRH receptor represents another
method of suppressing testosterone secretion through
inhibition of downstream LH signaling (Fig. 1).

concentrations

Severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)

SARS-CoV-2  was  originally from the
bronchoalveolar lavage fluid of three infected patients
from Wuhan in December 30, 2019. It is an enveloped,
single-stranded sense RNA virus with a genome size
of 29.9 kb with a nucleoprotein (N) wrapping the RNA
genome, forming a coiled tubular structure called the
nucleocapsid (Jin et al. 2020b). The viral envelope
houses the nucleocapsid and is where several associated
structural proteins are located including the spike
glycoprotein (S), membrane (M) protein, and envelope
(E) protein. The SARS-CoV-2 genome has 5 and 3’
terminal sequences containing the five essential genes
encoding for the four structural proteins with a gene order
S'-replicase open reading frame (ORF) 1ab-S-envelope(E)-
membrane(M)-N-3’, highly conserved among the
B-coronaviruses (Jin et al. 2020b, Park 2020).

The inflammatory response to infection can
potentiate a cytokine storm involving the upregulation
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Figure 1

The hypothalamic-pituitary-gonadal axis in prostate cancer and androgen regulation of TMPRSS2 and ACE2. Left: Pulsatile release of gonadotropin-
releasing hormone (GnRH) or luteinizing hormone releasing hormone (LHRH) from the hypothalamus regulates production and release of gonadotropins
(luteinizing hormone or LH and follicle-stimulating hormone) from the anterior pituitary gland. LH stimulates testosterone synthesis in the testes, while
increasing systemic concentrations of testosterone inhibit GnRH and LH signaling. Androgens, in particular testosterone, are fundamental to the
pathogenesis and evolution of prostate cancer. Dehydroepiandrosterone (DHEA) is converted to testosterone and dihydrotestosterone (DHT) in the skin
and hair follicles and is produced in the adrenal gland under the control of adrenocorticotropic hormone (ACTH) and in the gonads under the control of
GnRH. Right: Continuous stimulation of pituitary GnRH receptors results in desensitization and downregulation of these receptors with eventual
decrease in circulating sex steroids inclusive of androgens. This negative-feedback loop serves the basis of androgen deprivation therapy via LHRH
agonists, while antagonizing the LHRH receptor represents another method of suppressing testosterone secretion through inhibition of downstream LH
signaling. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) viral entry into host cells is dependent on transmembrane serine protease 2
(TMPRSS2) and angiotensin converting enzyme 2 (ACE2), which have been found to be expressed in human lungs and other tissues. TMPRSS2 and ACE2
appear to be androgen-regulated genes where androgen receptors are expressed in human lungs. Androgen receptor (AR) signaling has been shown to
increase TMPRSS2 expression while decreasing ACE2 expression. Thus, while SARS-CoV-2 could be putatively targeted through TMPRSS2 and androgen
signaling suppression (a standard treatment paradigm in prostate cancer), ACE2 expression may be enhanced with androgen suppression. It is unknown
whether this would result in a net increase in risk for severe infection or a potential benefit from preserving the protective effects of ACE2 protein
expression, while hindering a key step in conformational change and viral entry to nonimmune cells.

of tumor necrosis factor-a (TNFa), interleukin 1p (IL-1p),
IL-6, monocyte chemoattractant protein-1 (MCP-1),
and macrophage inflammatory proteins 1-a (MIPla).
Although the source of the cytokine storm is not yet
clear contributing to the multi-organ dysfunction,
uncontrolled replication and  deleterious
inflammatory responses may both contribute to tissue
damage evident in the lungs. In later stages of disease,
evidence of abnormal coagulation with prothrombotic
tendency is a poor prognostic factor. The elevated
expression of ACE2 on vascular endothelia is thought
to be a potential mechanism for the coagulation
and associated hypotension (Lukassen et al. 2020).

viral

However, the predominant site of ACE2 expression is
on type II alveolar (AT2) cells of the lung, resulting in
the greatest damage to these cells during SARS-CoV-2
infection. Long-term outcomes of lung damage caused by
SARS-CoV-2 are not yet well-described as most patients
are still in the early stages of infection or recovery, but
based on our knowledge of ARDS in other infections
including influenza, recovery can be protracted, with
lasting fibrosis. Other organ systems including the heart,
digestive, and urinary tracts have been shown to express
ACE2 and may serve as additional at-risk targets for
SARS-CoV-2 (Zou et al. 2020). Thus, infection prevention
is the holy grail.
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SARS-CoV-2 transmission, host entry,
and antigenicity

All human coronavirus infections are caused by two of four
subfamilies of coronaviruses, the a- and B-coronaviruses;
these viruses cause respiratory, hepatic, neurologic, and
enteric diseases (Jin et al. 2020b). Respiratory secretions or
droplets and direct contact have been recognized as the
main modes of SARS-CoV-2 transmission, while reports
exist of fecal-oral transmission (Jin et al. 2020b, Park 2020).
The transmissibility of SARS-CoV-2 through aerosols and
vertical transmission remains poorly described (Jin et al.
2020b, Park 2020). The mean incubation period has been
shown to be 5.2 days (95% CI or CI 4.1-7.0) with a basic
reproductive number estimated to be 2.2 (95% CI 1.4-3.9)
(Li et al. 2020D).

Early investigations identified that ACE2 was
expressed in human airway epithelia with more abundant
expression in the apical surface and well-differentiated
cells and served as the functional receptor for viral entry
into host cells for the original SARS-CoV (Jia et al. 2005).
It has been shown that human ACE2 also mediates
SARS-CoV-2 entry into host cells through tight binding
of the viral S protein domain B (SB) to human ACE2
(Walls et al. 2020). In elegant sequencing studies of
SARS-CoV-2, the presence of a furin cleavage site at the
S,/S, boundary that is processed during viral biosynthesis
sets SARS-CoV-2 apart from SARS-CoV and may enhance
the tissue tropism and/or transmissibility of SARS-CoV-2
compared to SARS-CoV given the near-ubiquitous
distribution of furin-like proteases in the human body
(Walls et al. 2020). The cellular serine protease, TMPRSS2,
mediates S protein cleavage at the §,/S, site, seemingly
a required priming event for subsequent SARS-CoV-2
interaction with ACE2 and cell entry (Hoffmann et al.
2020). Co-expression of ACE2 and TMPRSS2 has been
identified in type II pneumocytes, absorptive enterocytes
of the small intestine, and nasal goblet secretory cells, all
typical sites of COVID-19 symptoms (Ziegler et al. 2020).

Because of its crucial role in cell entry and viral
propagation, the coronavirus S glycoprotein is suspected to
be the primary target of neutralizing antibodies following
infection and is the focus of current therapeutic and
vaccine designs. Mapping of the S protein demonstrated
a more conserved S, subunit, while the S, subunit showed
the highest divergence given that it is more exposed at the
viral surface and potentially subjected to more selection
pressure from the host immune system. Given that the
SARS-CoV-2 and SARS-CoV SB domains share 75% amino
acid sequence identity and most SARS-CoV neutralizing
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antibodies target the SB receptor-binding domain, cross-
reactivity across coronaviruses may not necessarily be
achieved (Yuan et al. 2020).

COVID-19 clinical presentation

In the initial cohort of 41 patients diagnosed with
laboratory-confirmed SARS-CoV-2, majority of the
infected patients were aged 25-49 (49%) with a median
age of 49.0 years and male (73%) (Huang et al. 2020). The
median time from onset of illness to shortness of breath or
dyspnea was 8.0 days (interquartile range or IQR 5.0-13.0),
7.0 days (IQR 4.0-8.0) for hospital admission, and 9.0 days
for ARDS (IQR 8.0-14.0). Laboratory parameters showed
leukopenia (white blood cell or WBC count less than
4 x 10°/L) in 25%, lymphopenia (lymphocyte count
<1.0x10%/L)in 63%, elevated lactate dehydrogenase (LDH,
> 245 U/L) in 73%, elevated aspartate aminotransferase
(> 40 U/L) in 37%, and a normal procalcitonin level
(< 0.1 ng/mL) in 69%. On admission, abnormalities
in chest CT were detected in all patients with bilateral
involvement of the lungs in 98% of patients. The most
common complications included ARDS (29%), acute
cardiac injury (12%), and secondary infection (10%) with
mechanical ventilation required in 10% of patients. At the
time of their report, 68% of patients had been discharged,
while 15% had died (Huang et al. 2020)

Higher levels of prothrombin time and D-dimer
on admission were also identified in patients requiring
intensive care unit (ICU) care compared to non-ICU
patients (Huang et al. 2020). Indeed, coagulopathy has
emerged as a key aspect impacting COVID-19 mortality
(Tang et al. 2020), although it is unclear yet whether this
is different in male vs female patients. Initial plasma
concentrations of IL-2, IL-7, IL-10, GCSF CXCL10,
CCL2, CCL3, and TNFa were also higher in ICU patients
than non-ICU patients (Huang et al. 2020), raising the
potential that innate immune factors contribute to
severity of the COVID-19 course. Notably, there are
known influences of androgens and estrogens on immune
biology relating specifically to viral infection which may
be important (Klein 2012). Influences of sex hormones
also act differently in men and women, accounting, in
part, for the persistent differences in male patients and
post-menopausal women. In both the Italian and Chinese
datasets, there was higher incidence of severe disease in
male patients; of 355 fatal COVID-19 cases in Italy, 30%
were women (Onder ef al. 2020). In all the aforementioned
series, fatal cases occurred more often in patients with
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diabetes (20-35% compared to <10% in non-fatal cases),
coronary artery disease (10-30% compared to about 10%),
and 20% had active cancer in the Italian series (Onder et al.
2020). Future studies may reveal the cumulative impact
of the inflammatory and metabolic insults on prostate
cancer progression.

Mechanisms of SARS-CoV-2 and
gonadal dysfunction

There is growing evidence to suggest that the testes may be
predisposed for damage by SARS-CoV-2. ACE2 expression
in tissues has previously been shown to be programmable
by stresses including hypertension, whereby the lungs
were the only site of increased ACE2 activity in preclinical
models (Riviere et al. 2005). A separate group using adult
human testis single-cell RNA sequencing datasets identified
that ACE2 was primarily enriched in spermatogonia
and Leydig and Sertoli cells (the latter group of Leydig
and Sertoli cells could not be separated into individual
clusters on analysis), whereas early spermatocytes, late
spermatocytes, spermatids and other somatic cells had
very low expression levels of ACE2 (Wang & Xu 2020).
Interestingly, ACE2 expression in Leydig and Sertoli cells
was three-fold higher compared to ACE2-expressing AT2
cells (4.25% vs 1.40%). Further analysis showed that
ACE2-positive spermatogonia express a higher number of
genes associated with viral reproduction and transmission
with a lower number of genes related to spermatogenesis
compared to ACE2-negative spermatogonia, while ACE2-
positive Leydig and Sertoli cells express a higher number
of genes involved in cell-cell junction and immunity with
a lower number of genes associated with mitochondria
and reproduction (Wang & Xu 2020). A second study
has illustrated that high ACE2 expression was found in
seminiferous ducts and Leydig cells of the testes as well
(Fan et al. 2020).

Preclinical work demonstrated that overexpression of
TMPRSS2 to approximately ten-fold higher than normal
human lung tissues conferred high susceptibility to
SARS-CoV-2 infection compared to control (Fan et al.
2020). Moreover, one group using adult human testis
single-cell RNA sequencing demonstrated that TMPRSS2
expression was concentrated in spermatogonia and
spermatids with relatively low levels in other cell types
of the testis (Wang & Xu 2020). The constellation of
these findings suggest that the testis may represent a
high-risk organ vulnerable to SARS-CoV-2 infection that
could result in spermatogenic failure. As described earlier,

this process is likely mediated by SARS-CoV-2 S protein
binding to ACE2 and S protein priming by TMPRSS2
(Hoffmann et al. 2020), of which these two critical targets
for viral entry are specifically expressed in male gonads.

SARS-CoV-2, androgen regulation,
and prostate cancer

The impact of SARS-CoV-2 infection on male gonadal
function was first described in a retrospective series
by Ma et al. (2020). In this single-institution study, 81
male patients with laboratory-confirmed SARS-CoV-2
infection underwent evaluation of serum sex hormone
levels that were compared to 100 age-matched healthy
men. The median age of the SARS-CoV-2 group was
38 years with 14.81%, 44.44%, 33.33%, and 51.85%
having received corticosterone, arbidol, oseltamivir, and
i.v. antibiotics, respectively. Thirty-one patients (38.27%)
in this group had elevated serum alanine transaminase
and/or serum aspartate transaminase. Compared to age-
matched healthy male controls, those with SARS-CoV-2
infections had significantly higher serum LH (P < 0.0001)
and serum prolactin (P < 0.0001). Whereas there was
no statistical difference between serum testosterone or
FSH levels between groups, there was a significantly
decreased testosterone:LH ratio (P < 0.0001) and FSH:LH
ratio (P < 0.0001) seen in the SARS-CoV-2-positive group.
On multivariable analysis, C reactive protein levels were
significantly associated with serum testosterone:LH ratio
in SARS-CoV-2 patients (P=0.0128). It is worthwhile
to note that this study was limited by its retrospective
nature, relatively small sample size, lack of confirmation
of SARS-CoV-2 in semen or testes, proportion of steroid
use and potential other factors influencing the HPG
axis (e.g. stress), and uncertainty of timepoint of
collection of samples. As more recently the presence of
SARS-CoV-2 was identified in semen of infected men
(Li et al. 2020a), the compelling analysis implicate
SARS-CoV-2-infected males impaired testosterone
production may stimulate LH release to maintain
testosterone levels during early stages of hypogonadism
based on negative-feedback regulation (Ma et al. 2020).
This phenomenon may be one explanation for the
dramatically decreased testosterone:LH ratios observed
compared to age-matched controls. Furthermore, the
authors argue that the observed elevated prolactin levels
in infected males could contribute to pituitary suppression
and decreased gonadotropins, but prolactin secretion can
be affected by a multitude of factors, in general. FSH is
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mainly suppressed by inhibin B from Sertoli cells and,
given that there was no statistically significant difference
in FSH levels between infected and healthy men, Leydig
cells rather than Sertoli cells appear more susceptible to
injury from SARS-CoV-2.

The original form of androgen deprivation therapy
as described by Huggins, bilateral orchiectomy, remains
in use worldwide, but has largely been replaced by
pharmaceutical castration via manipulation of the HPG
axis as the cornerstone of prostate cancer therapy where
such drugs are available. The recent treatment landscape
for prostate cancer has evolved with the advent of
agents that target the androgen signaling pathway by
direct antagonism of the receptor or specific inhibition
of CYP17. This broader class of agents that inactivate
the androgen signaling pathway is better described as
androgen-targeted therapy (Crawford et al. 2019), but will
be briefly summarized subsequently.

First-generation oral nonsteroidal antiandrogens such
as bicalutamide, flutamide, and nilutamide that compete
with DHT for binding AR are associated with a moderate
rise in testosterone. Hence, these agents are most
commonly used in combination with LHRH agonists to
reduce the impact of a testosterone surge (Boccardo 2000,
Crawford et al. 2019). Leuprolide acetate (LUPRON®) is
among the most common LHRH agonists used in the
achieving testosterone levels below the US Food and Drug
Administration (FDA) defined castration level of 50 ng/dL
in 93-100% of patients receiving the drug, usually
by day 21 (Crawford et al. 2019). As with leuprolide,
goserelin acetate (ZOLADEX®) is another LHRH analog
that is associated with a testosterone rise during the first
week, but fall within castrate range (< 3 nmol/L) by 21
days (Cockshott 2000). A LHRH antagonist, degarelix
(FIRMAGON®), is approved for the treatment of advanced
prostate cancer and is available as a once monthly s.c.
dose and competitively binds to the LHRH receptor
that inhibits downstream LH signaling and suppresses
testosterone without an initial testosterone surge seen
with LHRH agonists (Klotz et al. 2008). Degarelix has
been shown to achieve castrate levels of testosterone
(£ 0.5 ng/mL) within 1-3 days of administration in
99-100% of patients (Klotz et al. 2008). Abiraterone acetate
(ZYTIGA®) is an oral, androgen biosynthesis inhibitor
that blocks testosterone production through inhibition
of the enzyme CYP17 (O’Donnell et al. 2004, Attard et al.
2008). It is most commonly combined with prednisone
and LHRH agonists to reduce androgen production from
all sources including the testes, adrenal glands, and
prostate cancer cells. In castrate-naive prostate cancer
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patients (testosterone level of > 9nmol/L), treatment
with abiraterone results in castrate levels of testosterone
(< 2.0nmol/L) rapidly but often is not sustained beyond
3 days (O’Donnell et al. 2004). Notably, the combination
of abiraterone and LHRH agonists (leuprolide) profoundly
suppresses testosterone levels to those generally seen with
LHRH agonists alone (Taplin et al. 2014). Next-generation
orally available nonsteroidal androgen receptor inhibitors
enzalutamide (XTANDI®), apalutamide (ERLEADA™) and
darolutamide (NUBEQA™) competitively bind the ligand-
bindingdomain of the AR tolimit nuclear translocation and
downstream signaling. The principal gonadal suppressing
effects are likely from the LHRH agonism given that
monotherapy studies of enzalutamide in castrate-naive
(testosterone levels > 230 ng/dL) prostate cancer patients
show that testosterone levels rise sharply between 1 and
5 weeks, after which testosterone leveled off between 13
and 49 weeks with enzalutamide (Tombal et al. 2015).
Apalutamide and darolutamide have limited penetration
in the CNS compared to enzalutamide, suggesting a
lower tendency to affect the HPG axis (Clegg et al. 2012,
Moilanen et al. 2015). Infectious complications were
not noted to be higher in phase IIl randomized trials,
suggesting no clinically relevant immune compromise
associated with androgen receptor targeting. The impact
of these agents on overall immune function has not been
well described.

Clinical relevance of SARS-CoV-2 and
androgen suppression in prostate cancer

Although men and women have a similar susceptibility
to SARS-CoV-2, men appear to be more prone to greater
disease severity and mortality independent of age
(Jin et al. 2020a). TMPRSS2 gene fusions have historically
been shown to contribute to prostate tumorigenesis,
with approximately 50% of prostate cancer cases being
positive for TMPRSS2-ERG fusions (Tomlins et al. 2008).
Being that TMPRSS2 is an androgen-responsive gene,
one group analyzed publicly available genomic datasets
and determined that TMPRSS2 mRNA expression levels
in human normal lung samples in men were higher
than those in women (P=0.029) (Asselta et al. 2020).
In searching for genetic variants of TMPRSS2 that could
account for variations in disease severity in the European
population (particularly in Italy where SARS-CoV-2 cases
and mortality are among the highest in the world), a
frequent European haplotype linked to a known androgen-
responsive enhancer for TMPRSS2 and thus expected
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to upregulate TMPRSS2 in an androgen-dependent
manner was virtually absent in the Asian population.
A second haplotype was also significantly increased in
Italians compared to East Asians and was putatively
associated with higher TMPRSS2 expression. Of four single
nucleotide polymorphisms (SNPs) found to significantly
differ between the Italian population and East Asians, one
was found to be of lower frequency in Italians compared
to East Asians and other Europeans. Interestingly, this
one variant involved a missense substitution of an exon
variant, p.Val160Met, which affects a residue far from the
serine protease catalytic triad and has been associated
with genomic rearrangements in TMPRSS2 and high-
risk prostate cancer (Asselta et al. 2020). In an Italian
population where the male cancer patients had a higher
risk of having COVID-19 (n=4532; OR 1.79; CI 1.62-1.98),
Montololi et al. recently reported that ARSIs may
provide partial protection from SARS-CoV-2 infection
(Montopoli et al. 2020). Of note, although one group
identified a higher homozygous mutation rate of ACE2
in males than females, ACE2 mRNA expression levels
in the lung from a large dataset were not substantially
different between males and females (Asselta et al. 2020,
Cao et al. 2020).

This collection of data of a more aggressive course
of COVID-19 in men that is possibly associated with
TMPRSS2 expression and androgen regulation can suggest
an intriguing possibility where androgen signaling
influences disease severity and mortality with SARS-CoV-2
infection. It has been well documented that TMPRSS2 is
expressed in the lung and human epithelial airway cells
where its activity is important to facilitate viral entry into
host cells for human coronaviruses including SARS-CoV-2
(Bertram et al. 2013, Hoffmann et al. 2020). However, lung
tissues in mice and humans did not support TMPRSSZ2 as a
determinant of sex differences in SARS-CoV-2 infection as
there were similar levels of gene expression in males and
females (Baratchian et al. 2020, Stopsack et al. 2020). Other
studies have shown that camostat mesylate, a clinically
proven serine protease inhibitor that is active against
TMPRSS2, inhibited SARS-CoV-2 S protein-driven viral
entry into TMPRSS2-expressing human lung cell lines, but
not in TMPRSS2-null cell lines (Hoffmann et al. 2020). The
decreased infection with SARS-CoV-2 supported TMPRSS2
as a viable target in the treatment of SARS-CoV-2.

Androgen receptors have been shown to be present
in both normal human lungs and lung cancer specimens
where administration of androgens in cultured human
lung cancer cells resulted in a significant upregulation
of TMPRSS2 with androgen-dependent loading of the

AR protein onto the TMPRSS2 enhancer (Mikkonen et al.
2010). Conversely, mining of public genomic datasets
has shown that treatment with estradiol (prolonged)
or AR antagonists (i.e. enzalutamide) significantly
downregulated TMPRSS2 (Wang et al. 2020). As expected,
TMPRSS2 expression increased between 1.4- and 20-fold
following treatment with androgens, synthetic androgens,
or short-doses of estradiol. In addition to estrogen and
androgen-related compounds, other treatments that
decreased TMPRSS2 expression included dual TGF-p and
EGF treatment (Wang et al. 2020).

Chromosomal rearrangements fusing the androgen-
regulated gene TMPRSS2 to the oncogenic ETS transcription
factor ERG occurs in about 50% of prostate cancers and
attenuates androgen signaling through direct inhibition of
AR expression and downregulating AR signaling at gene-
specific loci (Yu et al. 2010). In preclinical prostate cancer
models, ERG overexpression represses AR-target genes and
significantly suppresses TMPRSS2 when comparing ERG+
tumors to ETS-prostate tumors (Yu et al. 2010). Accordingly,
knockdown of ERG resulted in AR upregulation. This is of
potential significance given that one SNP that has been
associated with genomic rearrangements in TMPRSS2
and high-risk prostate cancer was found in significantly
lower frequency in an Italian cohort, a group with notably
higher COVID-19 incidence and mortality (Asselta et al.
2020). Altogether, these results possibly indicate that
expression of TMPRSS2, a target of SARS-CoV-2, in human
lungs is modulated by estrogens and androgens and can
be repressed by treatment with estrogens or androgen-
receptor antagonists as a therapeutic strategy against
COVID-19. Men receiving ARSI therapy because of their
diagnosed TMPRSS2:ERG fusion expressing prostate
cancer may represent a subgroup of patients with reduced
infectivity by SARS-CoV-2 and a lesser disease severity
with COVID-19.

ACE2 is recognized as both the entry receptor and
serving a lung protective function from injury to human
coronaviruses including SARS-CoV-2. Viral S protein
binding and downregulation of ACE2 may promote
excess angiotensin II production and enhanced lung
vascular permeability, acute lung injury, and tissue
damage (Imai et al. 2005). Using VeroE6 cells, treatment
with clinical-grade human recombinant soluble ACE2
(hrsACE2), which has already been tested in phase 1 and
phase 2 clinical trials, significantly inhibited SARS-CoV-2
infection in a dose-dependent manner as compared to
controls. Treatment with mouse recombinant soluble
ACE2 did not inhibit the infection. Inhibition of

SARS-CoV-2 infection was also demonstrated with
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hrsACE2 treatment in human capillary and kidney
organoids that modeled the ability of the virus to
infect blood vessels prior to local organ infections
(Monteil et al. 2020).

Androgen axis regulation also appears to affect ACE2
expression. In early animal studies, testosterone and
DHT downregulated ACE2 mRNA and protein expression
in the vasculature in an ERK1/2 MAP Kkinase-signaling
dependent manner, while testosterone withdrawal by
castration significantly elevated ACE2 mRNA and protein
levels (Mishra et al. 2016). A separate study has shown
that chronic blockade of the androgen receptor with
the antiandrogen flutamide in the absence of a change
in estradiol significantly increased renal ACE2 mRNA
expression in rats compared to control (Dasinger et al.
2016). In an analysis of RNA-sequencing/microarray
datasets, transgender males who underwent androgen
targeted therapy for 1 year showed significantly higher
ACE2 expression and more ACE2-expressing cells among
Sertoli cells in the testis (Chen et al. 2020). However, cell-
line screens for transcriptional inhibitors of ACE2 have
shown that the synthetic androgen R1881 was among
the compounds that upregulated ACE2, although ACE2
expression was poorly expressed in cell lines profiled by the
drug transcriptome screen (Wang et al. 2020). Therefore,
although SARS-CoV-2 may be targeted through TMPRSS2
and androgen signaling suppression, developing a similar
approach through androgen suppression and ACE2 is less
clear. Evidence to date suggests that ACE2 expression may
be enhanced with androgen suppression. It is unknown
whether this would result in a net increase in risk for
severe infection or a potential benefit from preserving
the protective effects of ACE2 protein expression, while
hindering a key step in conformational change and viral
entry to nonimmune cells. Further understanding of
these factors is essential to optimizing use of androgen
suppression in the setting of SARS-CoV-2.

Current management of prostate cancer
during the COVID-19 pandemic
and controversies

Androgen signaling inhibition is a hallmark treatment
strategy for prostate cancer across multiple stages of disease.
Despite the previously described evidence in support of a
potential and serendipitous therapeutic strategy against
SARS-CoV-2 by targeting TMPRSS2 in human lung tissue
using a standard therapy in prostate cancer patients,
where do we stand in its clinical application during the
current COVID-19 pandemic? Further investigation is

R288

certainly needed prior to clinical application. First, it
would be beneficial through observational or retrospective
analyses to describe the impact of TMPRSS2 expression in
non-tumor lung tissues from patients with prostate cancer
treated with AR signaling inhibitors and those from
individuals with normal androgen levels. If the data are
supportive, clinical trials could be rapidly implemented
to test the strategy of downregulating TMPRSS2 by
androgen suppression as a treatment for COVID-19 given
the widespread use, familiarity with the safety profiles,
and knowledge of the onset of androgen suppression of
classical androgen-deprivation drugs (e.g. leuprolide)
and oral AR signaling inhibitors (e.g. enzalutamide,
apalutamide, or darolutamide) that are currently used in
prostate cancer treatment.

However, the impact of androgen signaling
suppression on ACE2, another critical target of
SARS-CoV-2 infectivity, would also need to be further
evaluated across larger populations. Preclinical work
suggests that chronic androgen blockade could, in fact,
upregulate ACE2 expression and this potentially negative
consequence would need to be counter-balanced in
considering its effect on the severity and mortality from
COVID-19. Leuprolide is also a frequently used drug in
fertility preservation for women. The role of estrogen in
mediating infection by SARS-CoV-2 needs to be evaluated,
particularly through its impact on viral entry receptors in
the lung. Estrogen therapy significantly increases ACE2
expression in the mouse thymus and human testes, while
estrogen has been shown to exert a tissue-specific effect
by regulating ACE2 expression in the kidneys, but not in
lungs (Mishra et al. 2016, Chen et al. 2020). Additional
study on a broader level of how androgens and estrogens
impact immune biology and how sex hormones between
men and women differentially influence viral infection is
beyond the scope of this review but is certainly warranted
amid the current pandemic. Within this topic, one
could also look into whether hormone levels in an older
population affect the expression of ACE2 and TMPRSS2
and/or risk of SARS-CoV-2 infection when compared to
a younger population. Moreover, the effects of SARS-
CoV-2 on gonadal function in humans are limited to one
retrospective study, with its effects on gonadal function in
human subjects with prostate cancer treatment unknown.
The long-term impact on gonadal function in humans
infected with SARS-CoV-2 needs to be established. Beyond
the acute phase of COVID-19, the theoretical implications
of long-term, chronic effects of SARS-CoV-2-related
gonadal suppression for therapeutic efficacy in prostate
cancer patients would also be an area of particular interest.
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COVID-19 and prostate cancer

Current prostate cancer
management recommendations

Cancer patients and cancer survivors are an at-risk
population for COVID-19 with a pooled prevalence of
2.0% (Desai et al. 2020). The infection rate of SARS-CoV-2
in patients with cancer from a single-institution series
is higher (0.79%) than the cumulative incidence of all
diagnosed COVID-19 cases in the city of Wuhan over the
same period (0.37%) (Yu et al. 2020). In general, patients
with metastatic cancers infected with COVID-19 have
had poorer outcomes including death, admission to the
intensive care unit, requiring mechanical ventilation,
and severe symptoms; patients with COVID-19 and non-
metastatic (stages [-III) cancer had similar outcomes in
patients without cancer (Dai et al. 2020, Liang et al. 2020).

Until the areas of controversy with respect to androgen
suppression and TMPRSS2 and ACE2 are addressed, expert
consensus or national oncology practice guidelines for
use of androgen-targeted therapy in prostate cancer
during the COVID-19 pandemic are a resource and can be
followed (Hanna et al. 2020, Kutikov et al. 2020, National
Comprehensive Cancer Network 2020), whereby: (1)
androgen-deprivation therapy should be avoided in
those with very low-, low-, and intermediate-risk prostate
cancer; (2) avoid initiating androgen-deprivation therapy
for patients with a prostate-specific antigen (PSA) doubling
time of >9 months in non-metastatic disease; (3) consider
neoadjuvant androgen deprivation therapy for up to
4-6 months as necessary in asymptomatic, unfavorable
intermediate risk and high-risk prostate cancer patients
planned for definitive radiation therapy (RT); (4)
prioritize androgen-deprivation therapy and other non-
myelosuppressive regimens when alternatives exist to
minimize risk of immunosuppression and infectious
complications for symptomatic or advanced prostate
cancer patients; and (5) 3-, 4-, or 6-month formulations
of androgen-deprivation therapy should be preferred over
1-month injections in all cases.

Conclusions and future directions

As development of antiviral drugs and vaccines against
SARS-CoV-2 are underway during the COVID-19
pandemic, androgen regulation of TMPRSS2 and
ACE2 as a means to inhibit SARS-CoV-2 viral entry
and thus infection may represent a novel strategy in

treating COVID-19. This concept would be serendipitous
for men with prostate cancer being treated by this
foundational therapeutic strategy used for decades. A
growing concern is the explosion of early reports on
the prognosis of cancer patients, efficacy of therapeutic
interventions for COVID-19, and safety of anticancer
therapies during the COVID-19 pandemic that have
produced conflicting results and are, for the most part,
non-peer reviewed. It would be important to compile
all these fragmented studies into systemic registries for
comprehensive retrospective analyses and to inform
future studies. In the current era with social media and
internet technology, the importance of crowdsourcing
cannot be underestimated as a tool to assist in disaster
risk reduction and emergency management through
information dissemination, data monitoring, and the
direct engagement of diverse sets of actors to spur risk-
reduction efforts (Alexander 2014, Wukich 2015).
Given this lack of knowledge and concern for extreme
vulnerability in cancer patients, the COVID-19 and
Cancer Consortium (CCC19) was formed. This national
collaborative effort began organically, primarily through
social media channels but has grown to more than 65
physicians and nurses representing over 30 institutions
and organizations in the United States. Most institutional
members are large NCI-designated comprehensive cancer
centers. The driving goal of the consortium is to collect
prospective, granular, uniformly organized information
on cancer patients infected with COVID-19 as rapidly as
possible (https://ccc19.org/). While this review is being
written during the first wave of COVID-19 infection in
the United States, there will inevitably be many more to
follow where prostate cancer patients, and cancer patients
as a whole, may not be spared. Efforts to guide the
management of these at-risk patients and the safe delivery
of systemic anticancer therapies will require a concerted
effort by a multidisciplinary task force.
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