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ABSTRACT

COVID-19 is a present-day complex pandemic infection with unpredictable levels of morbidity and mortality in
various global populations. COVID-19 is associated with the different comorbidities with its change in biological
function such as causing heart dysfunction via deregulating ACE-2 receptor, gastrointestinal risk via causing
vomiting, diarrhea, and abdominal pain, chronic kidney disease via proteinuria and hematuria, diabetes mellitus,
liver injury via increasing ALT, AST and bilirubin level, lung injury, CNS risk, ocular risk, and cancer risk. In this,
we are focused on the COVID-19 connected with male infertility. Some of the studies show that the patients of
COVID-19 are associated with impaired spermatogenesis. Impaired spermatogenesis via COVID-19 decreases the
level of testosterone by disturbing cytokines such as TNF-q, IL-4, IL-6, and IL-12 and further, attenuates the
sperm count. COVID-19 is causing inflammation via TNF-« and interferons. IL-4 plays an eminent role in the
activation of the JAK-STAT pathway and leads to the disturbing pro-inflammatory cytokine as well as further
cause’s male infertility. Th2 activates the IL-4 through IgG and IgE and mediates apoptosis with the triggering of
STAT signaling. The activated STAT signaling augments Batf/Irf4, and the Bach2/Batf pathway. On the other
hand, SARS-CoV-2 is activating the level of Th2 cells. So, we hypothesized that the augmented Th2 cells would
disturb the level of IL-4, JAK-STAT signaling, Batf/Irf4, and Bach2/Batf pathway. The disturbed IL-4 decreases
the level of the ACE-2 with the inflammation. This further leads to male infertility in COVID-19 patients. So, in
this hypothesis, we focused on the role of IL-4 in COVID-19 patients associated with male infertility via Th2 cells
and JAK-STAT signaling.

1. Introduction

show a high level of ACE2 expression has the potential to be targeted
and damaged by the virus (Fan et al., 2020a). Numerous studies detected

Several reports suggest that coronavirus disease of 2019 (COVID-19)
might damage male fertility. Since December 2019, the infection has
spread worldwide, leading to severe acute respiratory syndrome (SARS)
named "COVID-19" by the World Health Organization (WHO) (Organi-
zation, 2020) and it has been declared as a global pandemic by WHO
(Organization, 2020). Angiotensin-converting enzymes 2 (ACE2) re-
ceptors play a crucial role in the pathogenesis of COVID-19 and cells that
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high ACE2 expression levels in testicular cells, mainly in seminiferous
duct cells, spermatogonia, Leydig cell, and Sertoli cells (Fan et al.,
2020a; Shen et al., 2020; Wang and Xu, 2020). Based on the previous
studies, it is evident that the testis could be a potential target for the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). At the
level of testicular cells, four main cell types; seminiferous duct cells,
spermatogonia, Leydig cells, and Sertoli cells, shows a higher rate of
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mRNA expression in ACE2 (Fan et al., 2020a; Shen et al., 2020; Wang
and Xu, 2020). Due to the viral entry into these cells, the process of
spermatogenesis could be affected, which might generate risk to male
fertility. Interestingly, the testicular expression of ACE2 is age-related
and the highest expression of ACE2 has been recorded in younger
groups than old patients (Shen et al., 2020).

Interleukin -4 (IL-4), a pro-inflammatory cytokine has been found to
use the receptor IL-4R and is seen to activate quite common pathways in
signaling. The use of Janus kinase (JAKs) by IL-4 has also been seen. A
variety of other different signaling molecules found activated, which
plays an essential role in regulating proliferation induced by IL-4 (Jiang
et al., 2000). The locus of IL-4 has been found to undergo a series of
methylation-demethylation, during the process of differentiation of
T-helper (Th) cells. It has been observed that the locus of IL-4 is deme-
thylated quite specifically in the T-helper type 2 (Th2) cells but hyper-
methylated in the case of T cells which are naive in nature (Lee et al.,
2002). IL-4 mediates many specific functions, including fine-tuning the
Th2 immune response through its ability to initiate (TH2 cell prolifer-
ation), perpetuate (Th2 cytokine production, Inmunoglobulin E (IgE)
synthesis, and eosinophil and alternatively activated macrophage acti-
vation), or shut off (suppression of IL-13-mediated processes) the
allergic response. This is activated through multiple signaling pathways
(signal transducer and activator of transcription 6 (STAT6) and insulin
receptor substrate 2 (IRS-2), downstream of its type I receptor (Will-
s-Karp and Finkelman, 2008). A couple’s failure in accomplishing
pregnancy regardless of having unprotected ordinary intercourse is
characterized as infertility. Infertility due to males (Male Factor) has
been found to contribute to almost half of all the infertility cases (Bisht
et al., 2017). Studies have shown, inflammatory cytokines playing a
significant role in spermatogenesis regulation by cell interaction. An
imbalance in its level may disturb its stability which may contribute to
infertility in men (Syriou et al., 2018). The T helper cells type 2 produce
a variety of cytokines that regulate anti-inflammation. These T-helper
cells type 2 are involved in promoting a humoral model of immune
response to counter the extracellular pathogens. IL-4 is considered a
major cytokine regulating anti-inflammation (Opal and DePalo, 2000).
Studies have also shown that in case of chronic pain, which is wide-
spread, a decrease in the levels of anti-inflammatory cytokines is seen
along with the analgesic activity of h2 cytokine (Uceyler et al., 2006).
Interleukin-4 has shown significant inhibition of cytokines derived from
pro-inflammatory monocytes including IL-8, IL-6, IL-1, tumor Necrosis
Factor-a (TNF-a). Furthermore, the ability of IL-4 to suppress the cyto-
toxic activity of macrophage, the action involving the killing of the
parasite, and nitric oxide (NO) production which derived from macro-
phage activity has also been seen in studies (Opal and DePalo, 2000).

Cluster of differentiation 4 (CD4™) T cells after activation start syn-
thesizing cytokines. After the cytokines are secreted, they differentiate
and grow by autocrine signaling pathway and as a result of which naive
T cells are seen to differentiate into effector cells. The different types of T
cells can be distinguished by the type of cytokine they secrete. T-helper
type 1 (Thl) cells secrete interleukin-2 (IL-2), TNF, and interferon-
gamma (IFN-y). On the other hand, Th2 cells synthesize various kinds
of cytokines — IL-4, IL-5, IL-6, and IL-13. The Th1 cells are important for
cell-mediated immunity. In contrast, the Th2 cells help in B-cell acti-
vation and the subsequent production of antibodies and also are
involved in class switching of immunoglobulin M (IgM) antibodies to of
immunoglobulin G (IgG) and IgE antibodies. The cytokine, IL4 is a
polypeptide that weights 15-KD with multiple effects on different cells.
It consists of a heterodimer receptor with an a subunit and a y subunit.
The binding of the cytokine IL-4 with its receptor results in the prolif-
eration and the cell differentiation of T cells into Th 2 cells (Paul, 1997;
Choi and Reiser, 1998). IL-4 has a regulatory function and the early
treatment with this cytokine improves the condition in case of a few
autoimmune diseases with the increase in the number of Th2 cells (Choi
and Reiser, 1998). In this hypothesis, we focused on the role of the IL-4
in COVID-19 associated male infertility.
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2. COVID-19 pandemic

The novel COVID-19 which is caused due to the SARS-CoV-2
emerged as a global pandemic causing calamitous repercussions for
the healthcare system and human beings worldwide (Sathishkumar
Vinayagam, 2020; Venugopal et al., 2020). The initial outbreak of the
COVID-19 was started in December 2019 (Wu and McGoogan, 2020).
The COVID-19 had attained its peak by the mid of March 2020 after
which the World Health Organization had declared it a pandemic. The
reasons behind this vast spread of COVID-19 infection is due to the rapid
urbanization and an increase in International travels compared to the
earlier days (Balachandar et al., 2020). Another reason is due to its in-
cubation period, as when the SARS cases were analyzed the viral shed-
ding was high when the patients have infected with the disease and are
in their advanced stage. Whereas, COVID-19 disease can be transmitted
in the early stages when the affected patients are still in the asymp-
tomatic stage (Wilder-Smith et al., 2005; Rothe et al., 2020; Wilder--
Smith et al., 2020). The coronavirus is a type of virus that mainly targets
the human respiratory system as its survival point in the human host
system. This is the third outbreak of the coronaviruses among the human
beings, where the previous outbreaks were the SARS and the Middle East
respiratory syndrome (MERS) which also had a global threat among the
public (Rothan and Byrareddy, 2020). The SARS-CoV-2 is a
single-stranded positive-sense RNA virus, which comes under the beta-
coronavirus genus of the Coronaviridae family (Vellingiri et al., 2020).
The SARS-CoV-2 has a 99 % sequence similarity with its ancestral SARS
virus. Hence its genome also contains two untranslated regions (UTRs)
with 5'-cap structure and 3'-poly-A tail region along with an open
reading frame (ORF) which encodes a polyprotein (Harapan et al.,
2020). The virus survives inside the human host cell mainly due to its
structural proteins which are the Spike (S) protein, Envelope (E) protein,
Membrane (M) protein, and Nucleocapsid (N) protein and the accessory
proteins including the ORF 3a, 7 and 8 which has a major role in re-
ceptor binding and viral replication inside the human host body (Chan
et al., 2020; Fan et al., 2020b). The symptoms of the COVID-19 affected
patients vary from one to another, such as the mild, moderate, and se-
vere form of symptoms. The period for the onset of the COVID-19
infection ranges from 3 to 21 days where the approximate median
period of the symptoms is on the 14th day (Li et al., 2020). In most cases,
the patients who are elder than 70 years are at huge risk for the severity
of the disease whereas the patients below 70 years of age are at less risk
for this disease. The most common symptoms of COVID-19 disease are
fever, cough, fatigue, headache, dyspnoea, diarrhea (Huang et al., 2020;
Wang et al., 2020). Another peculiarity of this disease is that the
COVID-19 patients showed anosmia, high levels of leukocytes, increased
levels of pro-inflammatory cytokines, and abnormality in the respiratory
system (Rothan and Byrareddy, 2020). Hence it is high time to find a
cure or vaccine to treat this deadly infection before huge damage has
been caused among the public worldwide.

3. COVID-19 and inflammation

The COVID-19 patients who were critical have common features
including sudden deterioration of disease after onset, low levels of
lymphocytes (NK cells), higher inflammatory parameters including C-
reactive protein (CRP) and pro-inflammatory cytokines (IL-6, TNF-a, IL-
8) (Mahalaxmi et al., 2020), atrophy of spleen and lymph nodes, reduced
lymphocytes, vasculitis, and hypercoagulation. Inflammatory cytokine
storm (CS) was widespread in patients with severe COVID-19. The CS
refers to the excessive and uncontrolled release of pro-inflammatory
cytokines. In the case of SARS and MERS, severe inflammatory cell
infiltration, and CS led to acute lung injury (Channappanavar and
Perlman, 2017; Chousterman et al., 2017). Several accumulating evi-
dence revealed that severe COVID-19 patients resemble SARS and MERS
in their cytokine profiles. Huang et al. reported increased cytokine levels
including IL-1B, IL- 1RA, IL-7, IL-8, IL-9, IL-10, fibroblast growth factor
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(FGF), granulocyte-macrophage colony-stimulating factor (GM-CSF),
IFNy, granulocyte colony-stimulating factor (G-CSF), interfer-
on-y-inducible protein (IP10), monocyte chemoattractant protein
(MCP1), macrophage inflammatory protein 1 alpha (MIP1A),
platelet-derived growth factor (PDGF), vascular endothelial growth
factor (VEGF) were increased, among which IL-2, IL-7, IL-10, G-CSF,
IP10, MCP1, MIP1A, TNF-a were higher in severe patients (Conti et al.,
2020; Huang et al., 2020). The most prominent markers of COVID-19 is
lymphocytopenia, which is one of the most important diagnostic criteria
in COVID-19 patients in China (NHC, 2020) and reduced levels of T-cells
and NK cells were observed. Other important assays such as biochemical
and blood count including lymphocyte and CRP levels, may also be an
important biomarker to detect COVID-19 (Iyer et al., 2020). Siddiqu and
Mehra (2020) suggested the use of immune-modulatory agents to reduce
systemic inflammation (Siddiqi and Mehra, 2020). The pathophysiology
of COVID-19 infection has aggressive inflammatory responses causing
damage to the airways (Wong et al., 2004). Viral infection in immune
cells like monocytes and macrophages can result in aberrant cytokine
production, even if the viral infection is not productive (Tseng et al.,
2005). COVID-19 specific CD4 + T cells express IFNy, TNF, and IL-2,
which suggests that patients with SARS-CoV infection exhibit a Thl
cell response and mainly use cellular immunity to control the infection
(Shin et al., 2019). Individuals with COVID-19 exhibit an abundance of
the interleukins IL-1, IL-2, IL-6, IL-7, 1L-8, granulocyte
colony-stimulating factor (GCSF), interferon y-induced protein 10
(IP10), monocyte chemoattractant protein-1 (MCP1), macrophage in-
flammatory protein (MIP1A), and TNF-a. The degree of SARS-CoV-2
targeting these cells remains poorly defined. Therapies inhibiting viral
infection and regulation of dysfunctional immune responses can syner-
gize to resists pathologies at multiple steps (Yang et al., 2020) (repre-
sented in Table 1). At the same time, the relationship between immune
dysfunction and outcome of disease severity in patients with COVID-19
serves for vaccine development and evaluation. Understanding these
immune dysfunctions is essential to guide the application of appropriate
immune-modulatory treatments (Florindo et al., 2020). Therefore, as CS
occurs in critical COVID-19 patients leading to ARDS and organ damage,
anti-inflammatory treatment may be applied (Prompetchara et al.,
2020). A deeper understanding of the implications of COVID-19 in pa-
tients with immune-mediated inflammatory disease and the effects of
anti-cytokine and other immunosuppressive therapies is urgently
needed to guide clinicians in the care of patients.

4. IL-4 and its role in anti-inflammation

IL-4 shows its anti-inflammatory nature by causing an up-regulation

Table 1

COVID-19 causes inflammation via deregulating inflammatory markers.
Viral Inflammatory markers Outcome Reference
infection
COVID- low levels of lymphocytes (NK Inflammation ~ (Mahalaxmi et al.,

19 cells), higher inflammatory 2020)
parameters including CRP and
pro-inflammatory cytokines
(IL-6, TNF-a, IL-8)

COVID- increased cytokine levels Inflammation  (Conti et al.,
19 including IL-1B, IL- 1RA, IL-7, 2020; Huang
IL-8, IL-9, IL-10, FGF,GM-CSF, et al., 2020)
IFNy, G-CSF,IP10,MCP1,
MIP1A,PDGF, VEGF were
increased, among which IL-2,
IL-7,1L-10, G-CSF, IP10, MCP1,
MIP1A, TNF-a were higher
COVID- Increased level of IFNy, TNF, Inflammation (Shin et al., 2019)
19 and IL-2
COVID- Increased level of IL-1, IL-2, IL- Inflammation (Yang et al.,
19 6, IL-7, 1L-8, GCSF,IP10,MCP1, 2020)

MIP1A and TNF-a
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of the inhibitors of certain cytokines and scavenging the receptors
(Schuerwegh et al., 2003). Studies on IL-4 have also shown that IL-4 is
involved in the enhancement of Th2 mediated immunity. It causes
repression in the signaling mediated by IL-12 and inhibits the Thl
mediated response. IL-4 production has also shown a marked increase
throughout pregnancy. Progesterone has been shown to induce the
same, and both IL-4 and progesterone have been found to act together to
inhibit Thl mediated response during pregnancy (Chatterjee et al.,
2014). IL-4 reduces the production of TNF-q, IL-1, prostaglandin E2, and
antagonistic to the actions of IFN-y. Thereby it activates and actuating
the ability of monocytes of humans in the oxidation of LDL and also
reducing inflammation (Bhattacharjee et al., 2013). Studies involving
analysis of IL-4 found an increase in the expression of genes like
chitinase-like 3 (Chil3), Fibronectin 1 (Fnl), Resistin-like molecule
alpha/FIZZ (Retnla), with apoptotic cells induced the tissue repair
program in macrophages of lungs and gut which are some of the classical
genes involved in anti-inflammation (Bosurgi et al., 2017). The cytokine
association in the testis’ physiology and its pathological condition is
deficient.

5. Th1/Th2 theory and its theory in SARS-CoV-2

A theory was hypothesized back in the 80 s that different cytokines
were expressed by the T-helper cells and this theory was further applied
to human immunological studies, wherein the T helper cells — Th1 and
Th2 produced different immunological response. The first-ever Th cells
that were reported were mouse Th1l and Th2 cells. IFN-gamma cytokine
was secreted by Thl cells, while IL-4 was secreted by Th2 cells (Mos-
mann et al., 1986). It was observed that Th1l cells were involved in
cellular immunity (or the type-1 pathway) - fighting viruses, stimulating
hypersensitivity reactions, and eliminating cancer cells. On the other
hand, Th2 cells were involved in the humoral immunity (or the type-2
pathway) - causing a rise in the antibodies to fight foreign organisms.
These two pathways may act antagonistically to each other while
causing down-regulation of each other (Kidd, 2003).

IL-4 cells are generated from Th2 cells. These interleukins block the
pathway of Th1l immune response and trigger the reactions of Th2 cells.
It was found that in cases of autoimmune conditions and cases of hy-
peractive immunity reactions, there is an increased production of Thl
cells. In cases of high intense care, Th2 cells were found to have been
present in high amounts in COVID-19 patients (Prompetchara et al.,
2020). Due to the difference in the molecular weight of the SARS-CoV-2
spike protein, it was observed that the pathway or mechanism of im-
mune response differed in different patients. The spike protein which
weighs more than 70 kDa activates the Thl inflammatory response
through the macrophages. The other proteins that weight less than 70
kDa activate the Th2 cells and initiate the activation of the B-cell re-
ceptor. Due to the uncontrollable surge in the viral particles, as a result
of pro-inflammatory response (a result of termination by the Th1 cells) a
condition called AICD (Activated Induced Cell Death) induced by the
B-cells. Due to this, the process of apoptosis is increased dramatically,
releasing many pro-inflammatory cytokines that cause lymphopenia and
producing the interleukin IL-10. This causes a shift in the immune
response and causes COVID-19 sepsis, deteriorating the immune system
(Kaviyarasi Renu and Abilash, 2020) (represented in Fig. 1).

6. IL-4 form Th cells and regulation of immune responses

Among all the interleukins secreted, IL-2 and IL-4 were considered
crucial for the development of naive CD™ T cells, activated by the
presence of antigens, into Th1l and Th2 cells (Nelms et al., 1999). While
IL-2 is important for Thl cell development, I1-4 is important for Th2 cell
development (Seder, 1994; Mosmann and Sad, 1996; Paludan, 1998).
11-4 is involved in the up-regulation of its receptor expression, inhibition
of IL-12 secretion, and also the down-regulation of beta-2 subunit
expression present on the receptor of IL-12. IL-4 is responsible for the
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Fig. 1. Role of cytokine, IL-4 in COVID-19 associated inflammation pathway.
Indicates the entry of the Coronavirus into the cells of the lung tissue. The spike
proteins of the coronavirus bind themselves to the ACE-2 receptor present
throughout the respiratory tract and are an easy target for viruses. Upon
entering the cells, the virus having spike proteins more than 70k Da of weight
activates the macrophages. The activated macrophages further activate the
cellular immunity via the Thl cell pathway (activating IFN-y)

(indicated by bold black arrow).On the other hand, the virus having spike
proteins less than 70k Da of weight activates the B-cells and produces anti-
bodies via the Th2 cell pathway (activating IL-4) (indicated by bold black
arrow). A positive feedback pathway is seen in which the increase in IL-4 causes
the increase in the cell differentiation of Th2 cells by the Batf/JunD/Irf4
pathway.

Often, it is seen that IL-4 cytokine blocks or down-regulates IFN-y (indicated by
black dotted arrow), so that the Th2 pathway takes place and more number of
Th2 cells differentiate.

The cytokines - IL-4 and IFN-y, together down-regulate the mRNA expression of
ACE-2 receptors so that fewer virus particles bind to the receptors (indicated by
red dotted arrow). ACE-2 receptors help in the balancing of fluids. When this is
disrupted by the virus, there is an accumulation of fluid in the lungs. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

shift of the immune from Th1 to Th2, which occurs by self-activation of
the receptors present on Th1 cells (Szabo et al., 1995; Breit et al., 1996).
One of the functions of I11-4 in the production of IgG and IgE antibodies
(Boehm et al., 1997; Paludan, 1998). IL-4 is seen to be down-regulating
the activity of IFN-gamma and vice versa. While IFN-gamma blocks the
production of IgE and IgG; antibodies, IL-4 blocks the secretions of the
IgGoa antibody (Cuff et al., 1998; Kaviyarasi Renu and Abilash, 2020). In
the intronic region (which is the hypersensitive site of DNase I) of the IL4
gene, a site known as Gata3-binding site is present that is highly
important for producing the interleukin IL-4 by the CD4 " T cells (Tanaka
et al., 2011). In Th2 cells, the deletion or the absence of IL4 IE site may
result in low production of IL-4.

When BTB domain and CNC homolog 2 (Bach2) expressions are
suppressed in the case of the naive CD4" T cells that are lacking Bach-2
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genes, there is an increased production of IL-4 and also results in the
induction of basic leucine zipper transcription factor (Batf) and Inter-
feron regulatory factor 4 (Irf4). Bach2 down-regulates the expression of
Batf and Irf4 genes. Therefore in the case of Bach2-deficient CD4 T cells,
there is a surge in the expression of Batf and Irf4. These two expressions
form an activated complex and cause a rise in the expression of IL4. This
forms a positive feedback mechanism that induces Th2 differentiation of
cells. The increase in the Th2 production can be attributed to the
recruitment of the Batf/JunD/Ifr4-containing activator protein 1 (AP-1)
complex. In the presence of Bach2, an active complex of Bach2 -Batf is
formed that binds to AP1 that is present within rad50 hypersensitive site
6 (RHS6). This interferes with the activation of the AP1 complex that
contains Batf/JunD/Ifr4 and results in the reduction of the production of
Th2. Therefore, in Bach2 deficient cells, Th2 cytokine synthesis is highly
augmented. It was also found out that by the activation of the Il-4/Stat6
pathway, the expression of Batf, Batf3, Irf4 increased and also caused the
suppression of Bach2. It was thus stated that the presence of such a
network between IL-4, Batf/Irf4, and Bach2/Batf complexes causes the
differentiation of Th2 cells and also controls the Th2 type response of the
immune system (Kuwahara et al., 2016) (represented in fig, 1).

7. IL-4 and JAK-SAT signaling

JAK-STAT pathway plays an important role for IL-4 signaling. IL-4
has two types of the receptor such as IL-4R-I and IL-4R-II. Type-I has
been found to induce JAK1 and JAK3 activation and finally, the acti-
vation of STAT6. The JAK1, JAK2, and also Tyrosine Kinase 2 (TYK2) are
linked to the type Il receptors and also stimulate the activation of STAT6
(Busch-Dienstfertig and Gonzalez-Rodriguez, 2013). Studies that
involved characterizing the JAK1 tissue (Knock-outs) led to the confir-
mation of it playing a significant role in response to cytokine IL-4
(Schindler et al., 2007). Studies have also found that there is an in-
crease in the activity of STAT6 and the mRNA levels of IL-4 by the in-
duction of Ras. Evidence about the positive regulation of the STAT6
activity as well as the IL-4 activity by Ras/Erk family has been seen in
similar studies. All these contribute to the notion of a cross-talk being
present in functional aspects between the IL-4, JAK1, and STAT6 with
Ras/Erk, all of which lead to IL-4 transcription regulation (So et al.,
2007).

IL-4 has been found to regulate the expression of IL-8 induced by
TNF-a at the level of transcription, and this involves nuclear factor
kappa B (NF-kB) and STAT6 (Raingeaud and Pierre, 2005). Mice models
that were STAT6-deficient have shown that the JAK-STAT pathway is
the mediator of a major segment of the IL-4 response(Ji et al., 2015).
Differential regulation of gene and IL-4 concerned studies has shown
IL-4 stimulating the activation of JAK1. The regulation of STAT3, as well
as STAT6 and their subsequent activation by JAK1 in monocytes
induced by IL-4, have also been documented. The use of IL-4Ra and
JAK1 and also STAT3 or STAT6 cascade by IL-4 to regulate gene
expression of significant inflammatory genes like CD36 (scavenger re-
ceptor), 15LO, and MAOA has been studied as well (Bhattacharjee et al.,
2013).

STAT6 activation has been well noted in the case of an IL-4 induc-
tion. It involves STAT6 associating with SH2 domains of cytokine re-
ceptors in its TP (tyrosine-phosphorylated) regions. Followed by this,
the phosphorylation of STAT6 on Tyr-641 is seen. The dimerization of
STAT6 monomers is the next step. These dimers have been seen to
translocate. The STAT6 nuclear translocation is dependent on its phos-
phorylation and also its dimerization (Bhattacharjee et al., 2013). Mice
studies have also shown that mice with STAT6 knocked out led to the
impairment of IL-4 signaling and the subsequent process involved with it
like polarisation of Th2 (Heim, 1999). The studies have exposed the
significant function of IL-4 using the JAK-STAT6 pathway which regu-
lates the target genes in lymphocytes which are connected to Th2 (Bao
etal., 2013). The Hippocampus of aged rats had shown that a decrease in
the JAK1 and STAT6 phosphorylation occurred when the concentration
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of IL-4 decreased due to age factor (Maher et al., 2005).

The inhibition of the activation of STAT6, which is dependent on IL-4
by both SOCS-1 and 3 has been shown in studies. In contrast to this, a
protein containing Src Homology 2 (SH2)-cytokine-induced and sup-
pressors of cytokine signaling (SCOS-2) has been seen to up-regulate the
same process. The IL-4 signaling down-regulation due to SCOS-1 as well
as SCOS-3 due to JAK1 receptor activity inhibition has also been studied.
The role of the motif-Thr-Phe present in the domain-Pre-SH2, in regu-
lating the JAK-STAT IL-4 signaling inhibition mediated by SCOS-3 has
also been found in studies (Haque et al., 2000). IL-4 is also involved in
the activation of STATS, although it is a prototypical stimulus for STAT6
(Villarino et al., 2017). RNA interference (RNAi) of STAT6 and its
over-expression has also indicated to the fact of the involvement of
JAK-STAT and IL-4 induction dependency. Cytochrome P450 family 2
subfamily E member 1 (CYP2E1) proximal promoter region contains a
binding site for STAT6 has also been revealed by mutagenesis (Wang
et al., 2010). C-C motif chemokine ligand 26 (CCL26), being
up-regulated by IL-4 in the skin and the involvement of JAK1, JAK2, and
STAT6 pathway in the skin has also been seen in studies (Bao et al.,
2012) (represented in Fig. 2).

8. COVID-19 and reproductive system
In theory, highly expressed ACE2 or trans-membrane protease serine

2 (TMPRSS) in an organ is vulnerable to infection (Lukassen et al.,

SARS-CoV-2
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Fig. 2. IL-2 mediated JAK-STAT signaling pathway in COVID-19 associated
male infertility.

This figure shows IL-4 JAK-STAT Pathway and their effect on male infertility,
during the event of infection by SARS-CoV-2. The entry of SARS-CoV2 will lead
to the supposed activation of B-cells and these wills up-regulate the Th2 cells.
The Th2 cell alters the level of IL-4. The IL-4 alteration leads to STAT6 or STAT
3 being stimulated and dimer formation is seen. These dimers translocate to the
nucleus and undergo transcription. Genes like CD36, 15 LO, and MAOA are seen
to get expressed. IL-4 alteration causes the deregulation of proinflammatory
cytokines. In the case of the upregulation of proinflammatory cytokines, it will
result in male inflammation. Here, it is hypothesized that infection by SARS-
CoV-2 will cause a down-regulation of IL-4, which is anti-inflammatory. This
will cause a down-regulation of STAT6 or STAT3 (indicated by red dotted
arrow). This will up-regulate the levels of pro-inflammatory cytokines and
cause male infertility. Overall, the deregulation of the IL-4 level alters the
pathway involved in the STAT and causes male infertility upon COVID-19
infection. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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2020). Notably, the ACE2 receptors are also present in the female
reproductive systems such as in the ovaries and uterus(Vaz-Silva et al.,
2009; Reis et al., 2010). Angiotensin II (Ang II) in the endometrium is
required for the proper functioning of the menstrual cycle as if there are
any changes in its levels would lead to endometrial hyperplasia (Ahmed
et al.,, 1995). Also, the ACE2 is expressed in the syncytiotrophoblast,
cytotrophoblast, endothelium, and vascular smooth muscle of the
placental villi, maternal stroma, and also in the endothelium and smooth
muscles of the umbilical cord (Valdes et al., 2006). Recently a newborn
born to a mother with COVID-19 infection had high levels of IgM, which
makes the speculations that the infection may be spread to the newborn
via intrauterine infection during pregnancy (Yu and Chen, 2020). It has
also been reported that a breastfeeding mother could pass on the
infection via breastfeeding as the COVID-19 was positive in the breast
milk samples (Yu and Chen, 2020). Gene ontology analysis showed that
genes associated with viral reproduction and transmissions were highly
enriched in ACE2-positive spermatogonia, but the genes associated with
male gamete generation were down-regulated. Intercellular junction
and immune-related genes were greater in ACE2-positive Leydig and
Sertoli cells, but genes related to mitochondria and reproduction were
lessened. Also, Fan and colleagues found that ACE2 was highly
expressed in renal tubular cells, Leydig cells, and cells in the seminif-
erous ducts of the testis (Wu et al., 2020). In a recent, study reported by
Pan and colleagues cannot definitively rule out the presence of
SARS-CoV-2 in the seminal fluid during acute infection with severe
COVID-19 symptoms (Fan et al., 2020a; Pan et al., 2020). Human
placental RAS has a vital part in placental vascular development and
during early pregnancy is noted to be up-regulated (Pringle et al., 2011).
La Pena et al. noted, in early pregnancy, a high level of ACE2 mRNA
located in syncytiotrophoblasts and villous stroma in the placenta was
noted, also reported ACE2 regulated the release of Ang-1-7, which was
beneficial for vasodilation in the maternal-fetal circulation and favor-
able for virus spread (Isela et al., 2018). Sun et al., proposed theoretical
public health concern for COVID-19 in mildly symptomatic and
asymptomatic women to impact both a current pregnancy and future
reproduction validated by several studies. The first is the association
between the COVID-19 infection and disrupted ACE2 expression, which
can dysregulate the ACE2 Ang-(1-7) axis. The next one is an association
between dysregulated ACE2 Ang-(1-7) axis and impaired maternal and
fetal health (Sun and Yeh, 2020). Based on these findings, the authors
hypothesized that COVID-19 could harm in general, the cardiovascular
adaptation of mothers, proper hemodynamic regulation of the placenta,
fetal growth and long-term cardiovascular health, and also reproductive
health of females. Moreover, COVID-19/ACE2 may also disturb both the
male and female reproductive functions, resulting in infertility, men-
strual disorder, and fetal distress (Jing et al., 2020). Thus it is possible
that the SARS-CoV-2 could also cause problems related to the repro-
ductive system in the affected individuals.

9. Male infertility in COVID-19

There are current safety concerns about the effects of COVID-19,
especially on male reproductive health (male infertility and testos-
terone deficiency). SARS-CoV-2 viral spike (S) protein attaches to the
ACE2 receptors and engaging the cellular serine protease (TMPRSS2) for
S protein priming, and also they both are existing in the testis (Hoffmann
et al., 2020), raising the concern regarding infection of the testes and
possible sexual transmission. ACE2 receptors are established at higher
concentrations in the testes and confirmed the presence of ACE2,
angiotensin (1-7), and its MAS receptors in the testicles, unambiguously
in Leydig and Sertoli cells (Reis et al., 2010). These particular receptors
are noted on developing sperm, production of testosterone, the male sex
hormone. According to a recent study, it was observed that in 81
reproductive-aged men who have infected with COVID-19 the ratio of
testosterone to luteinizing hormone was significantly reduced which
was accompanied by C-reactive protein levels when compared to
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COVID-19 unaffected healthy individuals (Ma et al., 2020; Shen et al.,
2020; Wu et al., 2020). Fan et al. (2020) and Shen et al. (2020) found
high ACE2 expression in testis (both germ cells and somatic cells) sug-
gesting potential tropism of COVID-19 to testicular tissues (Shen et al.,
2020; Wu et al., 2020). Pan and colleagues have done the semen analysis
for thirty-four men diagnosed with COVID-19 infection that had only
mild symptoms or were getting recovered from the acute infections, and
the results revealed that there was no presence of SARS-CoV-2 in the
semen of the patients (Pan et al., 2020; Shen et al., 2020). The study
showed another remarkable and unique clinical observation that 17.6 %
(6/34) of men with COVID-19 infection described scrotal discomfort.
This particular clinical sign and symptom need further studies to
apprehend the pathophysiology along with the reproductive sequelae in
men. As more than 80 % of individuals with COVID-19 disease are
asymptomatic, the reproductive effects for the infected men could be
positive/ or unidentified. Zhao et al. (2003), noted the presence of
SARS-CoV in the testicular epithelial cells and the Leydig cells (Zhao
et al., 2003). In contrast, Ding et al. (2004), reported direct infection in
other organs excluding the testicles (Ding et al., 2004). Song et al.
(2020) analyzed 12 semen samples from survived COVID-19 patients
and testicular biopsies from a dead COVID-19 patient. The results of
these samples did not show the presence of SARS-CoV-2 RNA and specify
that the virus does not infect the testes or male genital tract directly even
in the acute phase (Song et al., 2020).

10. Inflammation and male infertility

The ACE2 receptor provides a cellular and biochemical pathway for
the SARS-CoV-2 to infect a wide array of human cells. ACE2 is present in
tissues, several cell types including epithelial cells in the respiratory
path and enter the cells to complete its replication cycle this direct
pathological mechanism of infection and cell damage increases ACE2
expression as a potential entry route for the viral infiltration(Fan et al.,
2020a). According to a recent study, it has been reported that organs
with higher expression of ACE2 or TMPRSS2 (the respiratory, cardio-
vascular, digestive, and urinary system) are more prone to acquire the
SARS-CoV-2 infection (Zou et al.,, 2020). Evidence suggests the
renin-angiotensin-aldosterone system (RAAS) components, specifically
ACE2, appears to play a vital role in male reproduction. The ACE2 re-
ceptors have a crucial role in testicular regulation such as the ste-
roidogenesis and spermatogenesis; also there is an increased expression
of ACE2 mRNA in four main testicular cells which are seminiferous duct
cells, spermatogonia, Leydig cells, and Sertoli cells (Fan et al., 2020a;
Shen et al., 2020; Wang and Xu, 2020). These cells affected by the virus
hinder the process of spermatogenesis and could cause problems in male
fertility. Research shows that the testicular expression of ACE2 by
COVID-19 is age-related as the young male patients are at greater threat
of testicular damage than elder patients (Shen et al., 2020). In an earlier
study, where six male patients with SARS-CoV infection, there testis
autopsy report revealed orchitis, and the histopathological reports
showed inflammation in the seminiferous tubules and deposition of IgG
immunoglobulins in seminiferous tubules, interstitium, and Sertoli cells
(Xu et al., 2006). The reports point out that testicular impairment was
caused by inflammatory and immunological responses rather than viral
infiltration. As both SARS-CoV and the SARS-CoV-2 share 96 % of
sequence similarity and also the entry route for both the virus via ACE2
receptors, it is possible that testicular injury may also occur in COVID-19
affected patients due to ACE2 receptor or secondary immunological and
inflammatory responses.

It has been reported that the cytokine storm is a major hallmark in
the severely affected COVID-19 patients (Tay et al., 2020). The proper
functioning of cytokines required to maintain proper testicular function
and regulation of the male reproductive system (Loveland et al., 2017),
hence in COVID-19 as cytokine storm causes the major issues this may
also have future implications in the male fertility. A recent study has
shown that a subgroup of individuals with severe COVID-19 might show

Journal of Reproductive Immunology 142 (2020) 103213

a secondary cytokine storm syndrome (hemophagocytic lymphohistio-
cytosis). This is a less acknowledged, hyperinflammatory syndrome
described by persistent fulminant fever, and serious hypercytokinemia
with multi-organ failure. These patients show a particular serum blood
cytokine profile with cytopenia and hyperferritinemia. The mortality
rate of these patients could be sizably improved with immunomodula-
tory therapy (IL-6 antagonist) (Mehta et al., 2020; Tveito, 2020) as
follow-up studies of recovered male patient’s reproductive function is a
prerequisite to study these possibilities of the treatment. Recently,
Schroeder et al. (2020) had reported that male COVID-19 affected pa-
tients showed low levels of testosterone along with increased levels of
inflammatory cytokines such as IL-2 and IFN-y (Schroeder et al., 2020).
It was reported that testosterone has a sex-specific and protective effect
on vascular aging by mitigating oxidative stress and inflammation
(Moreau et al., 2020). This piece of evidence shows that the cytokine
storm might also have an imperative role in causing damage to the male
reproductive system (represented in Fig. 3).

11. IL-4 and male infertility

Studies have shown that infertile patients due to unexplained causes
have an increased IL-4 concentration in serum (Syriou et al., 2018).
Numerous studies have shown that the seminal plasma levels of IL-4 in
the infertile group of people were quite significantly low when
compared to the normal group of people (Yigitbasi et al., 2010). A sig-
nificant decrease in the levels of IL-4 was seen in infertile male groups as
compared to normal groups in a study concerning male infertility
(Zhang and Gao, 2004). Infertility induced by varicocele and studies
involving the same and the expression analysis showed a
down-regulation in the levels of TNF. This down-regulation was sup-
posed to be due to the anti-inflammatory nature of IL-4 (Hassanpour
et al., 2017). Studies have shown that an increase in IL-4 concentration
levels in semen inhibits the expression of cytokines, pro-inflammatory
which is being released from macrophages or Thl lymphocytes or the
monocytes (Vicari and Calogero, 2001). Cadmium-induced damage to
testes of rats saw a reduction in the levels of IL-4 and an increase in
cytokines pro-inflammatory in action (Al-Azemi et al., 2010). Infertility
studies involving infertile males from Iraq showed that I1-4 induced
macrophage activation also saw a reduction in the levels of cytokines
that are pro-inflammatory in action (Al-Assaf et al., 2013) (represented
in Fig. 2).Th2 mediated cytokine IL-4 maintains the testes’ immune level
and spermatogenesis normally (Klein et al., 2016). There is a DC subsets
presence in the seminomas in humans. There is an increased number of
CD11c + myeloid DC (mDC) in the testes tumor patients. This CD11c +
myeloid DC (mDC) expresses the immune tolerance cytokine such as
IL-4. The mediated immune response via IL-4+ mediates testicular germ
cell tumors escape of immune through the suppression of the immune
level (Loveland et al., 2017).

12. IL-4 protects form the COVID-19 associated male infertility —
A hypothesis

Based on the above evidence, we have hypothesized that, once the
SARS-CoV-2 enters into the system, it activates the Thl cells further
mediates the level of the IFN-y, and mediates the cellular immunity. On
the other hand, it activates the Th2 cells which mediate the IL-4 level
through the activation JAK-STAT6 pathway, augments the IgG, IgE, and
mediates the humoral immunity and apoptosis. It also mediates the IL-4,
Batf/Irf4, and Bach2/Batf pathway. The proven evidence shows that
SARS-CoV-2 augments the level of the Th2 cells (Kaviyarasi Renu and
Abilash, 2020). COVID-19 augments of the Th1/Th17 and antibody
production. Also, it shows that a high level of Th2 needs intensive care
(Kaviyarasi Renu and Abilash, 2020). So, this shows that increased Th2
cells mediate the level of the IL-4 level and alters the inflammation via
the JAK-STAT6 pathway. This mediates the level of the dysregulation of
the IgG, IgE and mediates the apoptosis and further causes male
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13. Recommendation

The COVID-19 causes not only respiratory-related illnesses but also a
multi-organ damage, the reproductive organs are also at risk of this viral
infection. Thus a few suggestions or guidelines might help to prevent the
infection from causing any severe damage to the reproductive system.
The following recommendations will be helpful to overcome the issue:

e The male patients who are infected with COVID-19 must have a
follow-up survey to ensure that there is no colossal damage in their
reproductive system.

Considering the absence of information about male richness and the

proposal that couples think about holding back to get pregnant,

sperm freezing might be helpful - emotionally and biologically -
during the COVID-19 pandemic.

Social distancing proposals are still set up, so visiting a specialist’s

office or clinic to talk about sperm freezing isn’t suggested, or maybe

conceivable, right now. Mail-in sperm testing and freezing alterna-
tives, similar to the Legacy pack, are a significant choice to save your
ripeness from the wellbeing and solace of your own home.

Females who have not yet attained their menopause and have ac-

quired COVID-19 disease must check their ovaries’ life and quality in

their future.

Females who are affected with SARS-CoV-2 infection after their re-

covery must check their fertility status, menstrual cycle and if

planning to become pregnant should try to postpone it till their re-
ports are normal.

e Both men and females should get their hormone profiles checked
after getting recovered from the SARS-CoV-2 infection to avoid any
future complications.

e Men recovered from COVID-19 disease must have food rich in sperm

production such as high content of zinc, garlic, dark chocolates,

walnuts, etc. these foods will enable them to regulate sperm pro-
duction and quantity naturally.

Similarly, female recovered from COVID-19 disease must have a high

intake of food which are rich in antioxidants, vitamin D such as green

leafy vegetables, etc. as these kinds of food will enable to regulate
their fertility quality and reduce any damage naturally.

Pregnant women must be careful during this pandemic situation and

must avoid any unnecessary traveling to prevent from this SARS-

CoV-2 infection.

/\
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Fig. 3. Impact of COVID-19 on Male Repro-
ductive System.

This figure depicts the effect of COVID-19 in
male infertility. The ACE2 receptors have a
crucial role in testicular regulation. Once the
COVID-19 enters the human system the ACE2
receptors which are present in the male repro-
ductive system get attached to it. Further, the
spike (S) protein of the SARS-CoV-2 gets
cleaved with the help of TMPRSS2. This leads to
viral genome replication and the release of
various cytokines and the development of
cytokine storm. On the other hand, this storm in
the male reproductive system reduces the levels
of testosterone which hinders the production of
sperm, which might also reduce the sperm
count causing male infertility.

/ Cleavage of

Spike Protein

14. Conclusion

Several studies suggest that SARS-CoV-2 infection may suspect to
have long-term effects on male and female reproductive function.
COVID-19 may affect some pregnant women and children and addi-
tional studies are needed to assess the effects of SARS-CoV-2 on human
infertility. The immense impact of the COVID-19 pandemic is inesti-
mable because the epidemic is still unchecked throughout the globe.
Although data are limited and incomplete at this time, there is justifiable
concern that the reproductive consequences of the novel corona-virus
may have lasting effects for male reproduction and some pregnant
women and children. As COVID-19 related concerns are negatively
impacting people’s wellbeing, a considerable amount of research is
needed in the future to pinpoint the exact effects of this viral infection on
infertility and its related issues
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