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Abstract

SARS-CoV-2 has claimed more than 300,000 lives while infecting 4 million individuals worldwide. There are no specific
treatments for COVID-19. Symptoms vary from very mild/asymptomatic to severe, including admission to ICU. Strong sex-
bias in COVID-19 have been noted with males showing more than double the odds of requiring ICU admission and higher
mortality. Reproductive steroids, including estrogens, progesterone and its physiologically-active metabolite, allopregnanolone
exert anti-inflammatory actions and influence the immune system. Intriguingly, pregnant women with COVID-19 appear to
experience milder symptoms. In some pregnant women escalated symptoms severity is observed immediately postpartum in
coincidence with the rapid hormonal drop associated with parturition. This finding suggests that reproductive steroids’ anti-
inflammatory effects and their role in reshaping competence of immune cells may protect during pregnancy. The hypothesis

that estradiol, progesterone may provide a treatment against COVID-19 in men and in postmenopausal women is discussed.

Introduction

SARS-CoV-2 is a rapidly spreading pandemic that was first reported on December 31, 2019 in Wuhan, China.
As of May 8", 2020 more than 4 million individuals were tested positive and more than 300,000 have died
worldwide. Mortality is believed to account for 2% of patients (1). At risk individuals, include age above
60 years old, pre-existing conditions, such cardiovascular disease, diabetes and hypertension. Furthermore,
there is strong sex-bias in COVID-19 with male patients showing more than double the odds of requiring
intensive care unit (ICU) admission (OR 2.5) and higher mortality (OR 1.60) when compared to females
(2). Symptoms include sore throats, fever, cough, myalgias, chest pain, headache, pneumonia and shortness
of breath (3). Severe cases require hospitalization in intensive care units, which is already challenging the
healthcare capacity in the US. There is no specific or efficient treatment available, however the US Food and
Drug Administration (FDA) has approved the antiviral medicine remdesivir following a positive clinical trial
showing faster recovery.

Several case reports have observed that pregnant women with absence of COVID-19 symptoms on admission
to obstetrical service escalated symptoms severity immediately postpartum, which in few cases required
unplanned ICU admission. There is a general consensus that most pregnant women with COVID-19 appear
to experience a milder clinical course (7-9).

The levels of ovarian steroids, including estrogens and progesterone steadily increase during pregnancy
before undergoing an abrupt decrease postpartum that reaches basal levels days after delivery (10-12).
In 1 each 9 women, this is associated with postpartum psychopathology and sustained inflammation (13).
Estrogens, progesterone and its metabolite, allopregnanolone are anti-inflammatory and allopregnanolone
is a psychotropic agent that was recently approved for the treatment of postpartum depression (13, 14).
Hereinafter, the role of reproductive steroids, including estradiol, progesterone and allopregnanolone, as
possible protectant against COVID-19 is discussed.



Levels of progesterone and allopregnanolone during pregnancy and postpartum

Estradiol, progesterone and allopregnanolone are endogenous steroids, which are abundantly produced in the
periphery by adrenal glands and ovaries and by the brain de novo from cholesterol (14). These neuroactive
steroids play important neurophysiological roles by modulating inflammatory processes and behavior. Estra-
diol and progesterone exerts important peripheral and neuronal functions mediated by genomic influencing
nuclear receptor. Allopregnanolone, instead, acts as a positive allosteric modulator of the action of GABA
at GABA receptors (15), which has been recently associated with rapid and long-lasting improvement of
postpartum depression (16).

Circulating levels of estradiol, progesterone and allopregnanolone rise drastically during the second and third
trimester of pregnancy before decreasing dramatically following childbirth (10-12). Estradiol and allopreg-
nanolone levels closely parallel progesterone level increase during pregnancy and in the early postpartum
period (10-12). This hormonal progression during pregnancy is consistent with a physiological role as hor-
monal modifiers in pregnancy and postpartum pathophysiological processes (Figure 1A, B) (12-15).

In healthy pregnant women, serum allopregnanolone, estradiol and progesterone levels increased significantly
during pregnancy, reaching the highest levels at term (11). In another study, levels of progesterone were
markedly elevated specifically from the second to the third trimester. They reached a 100-fold higher
concentration compared to baseline at 36.6 weeks of pregnancy. Concentration of allopregnanolone increased
from the first to second trimester, and then remained relatively elevated until after delivery. Postpartum
concentrations of both progesterone and allopregnanolone decreased sharply to pre-pregnancy baseline levels
(11-13).

Peripartum concentrations of estradiol, progesterone and allopregnanolone have consistently been associated
with behaviorally alterations in the spectrum of mood swings and postpartum depression, and increased
inflammation in more than 10% of pregnant women (13).

Progesterone and estrogen effects on inflammation and role in shaping immune cell competence

In addition to the well-known role of progesterone in reproduction, this steroid regulates important im-
munomodulatory functions, including reshaping the competence of immune cells and inducing potent anti-
inflammatory actions. Progesterone plays a significant role in the maternal reproductive apparatus, such as
immune adaptations and inducing immune tolerance that promote and sustain pregnancy.

There are several ways by which progesterone induce immunomodulatory effects (Figure 1C). These include
actions in the periphery where progesterone has an effect on T cell activation and a direct role on guiding
their differentiation. For example, progesterone can modulate T cell receptor signal transduction or induce
tolerance. Progesterone plays also a significant role in suppression of cellular cytotoxicity. Indeed, it may
block degranulation by influencing via progesterone induced blocking factor.

Intriguingly, progesterone binds to receptors in immune cells, such as natural killer cells, T cells, macrophages,
and dendritic cells. It also binds non-immune cells, including epithelial and endothelial cells in the respira-
tory tracts where it alters cellular signaling/activity improving infections. In influenza A virus, preclinical
progesterone administration decreases inflammation and promotes pulmonary repair after clearance of in-
fluenza A viruses by increasing regulatory CD39+ Th17 cells and stimulating TGF-b, IL-6, and 1L-22 levels.
IL-22 similarly to TGF-f can stimulate the proliferation of epithelial cells and promote repair of the damaged
alveolar epithelium. Progesterone signaling through progesterone receptors stimulates the epidermal growth
factor amphiregulin thereby promoting proliferation and respiratory epithelial cell repair (31). A faster re-
covery of the lung tissue may reduce in females the susceptibility to secondary bacterial infection. In humans,
this is the primary cause of mortality after influenza A virus infection (31). This finding is substantiated by
studies showing that following influenza A virus infection, the histological density of pulmonary inflamma-
tion was decreased during pregnancy. These investigators conclude that “pregnancy-associated alterations in
pulmonary physiology may serve to protect females during severe influenza.” (32). Combination of estradiol
with progesterone showed the strongest protective role in the lungs after the stimulation of the inflammatory



cascade thereby explain a milder clinical outcome that has been observed in virus infected women in early
compared with late gestation (33).

Like progesterone, estrogens are strong immune regulatory agent. Estrogens regulate immune cell responses
and promote anti-inflammatory and neuroprotective effects. Increase in circulating estrogen concentration
affects progenitor and mature cells of both the innate and adaptive immune systems (34).

In the innate immune system estrogens regulate the number of cells and their functions. In neutrophils,
estrogens regulate chemotaxis, infiltration, as well as the induction of cytokine-induced chemoattractants
and cytokines (e.g., TNF-o, IL-6, IL-1f3). In dendritic cells, they stimulate the differentiation and directly
regulate expression of chemokine (e.g., IL-8) and cytokine (e.g., IL-6, IL-10). In macrophages, estrogens
regulate chemotaxis, phagocytic activity, and the production of cytokines (e.g., IL-6, TNF-a). Estrogens
influence the phenotype of T helper cells and have profound effects on B cell maturation, differentiation,
activity, and survival (34). Estradiol modulates cytokine secretion by CD4+4 T cells. Intriguingly, during
menopause women are at higher risk of autoimmune diseases. This decline in the content of estrogens during
menopause reduces the number of B and T cells while increasing production of pro-inflammatory cytokines
(36).

Anti-inflammatory effects of allopregnanolone are mediated by GABA p receptors

GABA-active agents possess pleitropic actions and are prescribed to treat anxiety, epilepsy, alcohol use dis-
order and induce sedation and anesthesia (11). Immune cells express receptors for several neurotransmitters,
neuropeptides, and hormones. Of note, the GABAergic system can be modulated endogenously within the
immune system (12). GABA possesses important anti-inflammatory actions and GABA sreceptors are widely
expressed in immune competent cells (13). Indeed, treatment with GABA downregulates autoimmunity me-
diated by T-cells, inflammation and ameliorates cytotoxic immune responses (14). Activation of GABA,
receptors by GABA or their agonists decreased pro-inflammatory cytokines in peripheral macrophages.
GABAergic agents also protect in models of experimental autoimmune encephalomyelitis, which underscores
the role of GABA receptors within the immune system. In support, GABA secretion by both antigen
presenting cells (APCs) and T cells, functional GABA receptors on macrophages, and a direct effect of
GABA-active molecules on APCs were reported (14). GABA receptor subtypes were identified in human,
mouse and rat CD4+ and CD8+ T cells. Abundant GABA 4 receptors were observed in T cells from human
and rodents with functional GABA channels expressing a variety of subunit subtypes (15, 16).

In macrophages, the toll-like receptor 4 (TLR4)-specific ligand, lipopolysaccharide (LPS), induces proinflam-
matory cytokines and chemokines (17). Peripheral inflammation also signals to the brain with production
of pro-inflammatory responses. TLR4-mediated pathway is also expressed in neurons. The TLR4 signal
cascade involves activation of the GABA A receptor-containing o2 subunit (17, 18).

Allopregnanolone shows protective functions in preclinical studies, including depression, schizophrenia, trau-
matic brain injury, alcohol use disorder, multiple sclerosis, Parkinson’s and Alzheimer’s disease (17). These
pathophysiological conditions enhance proinflammatory signaling mediated by TLR activation in peripheral
organs and brain (Figure 1B). Monocytes/macrophages were studied as a model of peripheral immune sig-
naling activation (18) showing LPS activated the TLR4 pathway with downstream activation of NFkB and
increased pro-inflammatory mediators (MCP-1 and TNF-a). Allopregnanolone, by inhibiting TLR4 signal-
ing, consistently blocked pro-inflammatory marks with a mechanism that involved blockade of TLR4/MD-2
protein interactions in macrophages (18). This effect was also demonstrated in brain (18). Hence, inhibition
of pro-inflammatory processes both in the peripheral and neuroimmune signaling, which can be initiated
by allopregnanolone binding at GABA A receptor in monocytes/macrophages and brain cells, underscores
the profound protective effects of allopregnanolone. This anti-inflammatory response by allopregnanolone
inhibition of TLR4 signal underlies a novel function of allopregnanolone to regulate periphery and the brain
immune responses (18).

Estrogens, progesterone and allopregnanolone may protect against Covid-19 during pregnancy



The finding that in Covid-19-positive asymptomatic pregnant women, symptoms became severe immediately
following parturition, suggests that reproductive steroids provide protection. It is indeed remarkable that
symptoms in these patients appeared at the same time that levels of estradiol, progesterone and allopreg-
nanolone declined postpartum. In addition to the role of immunoregulatory role of estradiol, progesterone,
allopregnanolone regulates inflammatory processes by reshaping the competence of immune cells and in-
hibiting pro-inflammatory marks suggesting a protective role during late pregnancy in SARS-CoV-2-positive
women. These observations collectively suggest that reproductive steroids may offer a treatment opportunity
to improve COVID-19 symptoms in men and in post-menopausal women.

In spite of the lack of substantive data showing pregnant women are resilient to the acquisition and/or severe
symptoms of COVID-19 compared with women similar in age and co-morbidities, the finding that in COVID-
19-positive asymptomatic pregnant women symptoms became severe immediately following parturition, sug-
gests that reproductive steroids may be beneficial. However, in addition to pregnane steroid hormones, other
hormones, including human chorionic gonadotropin (hCG), placental growth factor (PIGF), and prolactin
as well as proteins produced by the placenta (e.g., leptin) have well recognized roles in immunomodulation
during pregnancy and could be also involved in the worsening of COVID-19 in the postpartum period.

It is also intriguing that levels of testosterone have been implicated with immunoregulatory roles and in the
context of COVID-19, high prevalence in old versus young male patients has been hypothesized to relate to
lower testosterone levels in older subjects (40). Of note, not only testosterone can be aromatized to estradiol
but the Sa-reduced testosterone metabolite, 3a-diol shows a strong estrogenic activity by binding at ERs.

Estrogens, progesterone and its metabolites are involved in multiple pharmacological effects ranging from
improvement of mood disorders to analgesic properties. The anti-inflammatory action and the role in re-
shaping competence and increasing number of immune cells raise the hypothesis that estradiol, progesterone
and allopregnanolone may alleviate COVID-19 symptoms during pregnancy.

Conclusions

Estrogens, progesterone and its physiologically-active metabolite, allopregnanolone levels increase during
pregnancy and quickly drop postpartum, which is associated with increased inflammation. These hormones
are involved in pleiotropic actions that range from improvement of mood disorders to anti-inflammatory
properties. Estrogens and progesterone play relevant immunomodulatory functions by modulating T cell
activation and inducing immune tolerance. Allopregnanolone can also protect from cognitive deficits. These
actions may be significant in protecting against COVID-19 and suggest that these steroids may offer a
treatment to improve COVID-19 symptoms.

Figure 1

1. Estradiol, progesterone and allopregnanolone play important physiological functions by modulating
inflammatory processes and behavior. In healthy pregnant women, circulating concentrations of Estra-
diol progesterone and allopregnanolone rise drastically during pregnancy before decreasing dramatically
following childbirth (10-12). Progesterone reaches a 100-fold higher concentration compared to baseline
at 36 weeks of pregnancy. Estradiol and allopregnanolone concentrations closely parallel progesterone
level increase during pregnancy and decline in the early postpartum period (11). Their concentrations
increase mainly from the first to the second trimester, and then remain relatively elevated until after
delivery. This hormonal progression during pregnancy is consistent with a physiological role of these
reproductive steroids as hormonal modifier in pregnancy and postpartum pathophysiological processes
(13). Allopregnanolone acts as a positive allosteric modulator of the inhibitory action of GABA at
GABA, receptors, which has been recently associated with rapid and long-lasting improvement of
postpartum depression (13).Recent reports found that COVID-19-positive pregnant patients appeared
asymptomatic upon admission to the obstetrical service. However, immediately after delivery, they
developed severe COVID-19 symptoms, which in some women required ICU admission (4-6). This
scenario suggests that in pregnant women infected by SARS-CoV-2, reproductive steroids may provide
a beneficial action. Appearance of symptoms in these patients occurred at the same time that levels



of estradiol, progesterone and allopregnanolone decline postpartum. These hormones play an impor-
tant role in regulating inflammatory processes by inhibiting pro-inflammatory markers and reshaping
competence of immune cells. It is conceivable that they protect from COVID-19 symptoms during
pregnancy. The hypothesis that these reproductive steroids may offer a valuable COVID-19 treatment
in men and women should be verified in clinical trials.

2. Schematic representation of toll-like receptor 4 (TLR4) signaling and cross-link with allopregnanolone.
In macrophages, the (TLR4-specific ligand, lipopolysaccharide (LPS), induces proinflammatory cy-
tokines and chemokines (27). Monocytes and macrophages were studied as a model of peripheral
immune signaling activation (27) showing LPS activated the TLR4 pathway with downstream acti-
vation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and increased pro-
inflammatory mediators (MCP-1 and TNF-«a). Peripheral inflammation also signals to the brain with
production of pro-inflammatory responses. However, TLR4 signal cascade is also expressed in neurons.
Allopregnanolone acts as a positive allosteric modulator of the action of GABA at GABA recep-
tors and in brain mediates tonic inhibition (14-16), which has been recently, associated with rapid
and long-lasting improvement of symptoms of postpartum depression in 70% of women (13). Fur-
thermore, allopregnanolone can also dampen inflammation by acting at GABA receptor expressed
in neuroimmune cells, including macrophages, lymphocytes and glial cells. GABA receptor forms a
complex with TLR4 followed by an intracellular signal and activated (phosphorylated) transcription
factors that translocate to the nucleus where they induce the synthesis of various proinflammatory
markers, such as TNF-a. However, allopregnanolone by inhibiting the GABA preceptor-containing o2
subunit/TLR4 complex formation alters the intracellular signaling with a mechanism that involves
blockade of TLR4/MD-2 protein interactions in macrophages that ultimately reduced production of
pro-inflammatory mediators through NF-xB-dependent or NFxB-independent signaling pathways (27).
This effect was also demonstrated in the brain. Hence, inhibition of pro-inflammatory processes both
in the peripheral and neuroimmune signaling, which can be initiated by allopregnanolone binding at
GABA sreceptor in monocytes, macrophages and brain cells, underscores the anti-inflammatory effects
of allopregnanolone and underlies its novel function to regulate periphery and brain immune responses.

3. Schematic representation of immunomodulatory effects of progesterone. In the periphery, progesterone
directly regulates T cell activation and differentiation by: 1) T cell activation; 2) Inducing tolerance;
3) Cytotoxicity; and 4) Inducing tolerance at maternal fetal interface. Modified from (30).
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