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1 Introduction 

Parts of the introduction are adopted from a previous publication: Liu, A., Raja 

Xavier, J., Singh, Y., Brucker, S. Y. & Salker, M. S. 2022. Molecular and 

Physiological Aspects of SARS-CoV-2 Infection in Women and Pregnancy. 

Frontiers in Global Women9s Health, 3. 

 

1.1 Endometrial Anatomy and Physiology 

1.1.1 The Human Endometrium and the Menstrual Cycle 

The female reproductive system is comprised of internal organs, including the 

vagina, uterus, fallopian tubes and ovaries, as well as the external vulva. The 

vagina serves as the female copulatory organ and the birth canal (Weber et al., 

1995). Oogenesis and production of steroid hormones take place in the ovaries, 

while fertilization of the oocyte typically occurs in the fallopian tubes (Oktem and 

Oktay, 2008). 

The uterus is a pear-shaped organ consisting of three layers, the outermost of 

which is the perimetrium, a smooth, serous coating that faces the pelvic cavity. 

The middle layer, the myometrium, mainly contains smooth muscle, which is 

also responsible for contractions during parturition (Wray and Prendergast, 

2019). The uterine cavity is lined by a mucous membrane composed of a simple 

columnar epithelium and a multicellular stroma, the endometrium (Critchley et 

al., 2020). It is the endometrium that allows for embryo implantation, fetal 

development and therefore a successful pregnancy (Gellersen and Brosens, 

2014). Further, this highly hormone-sensitive tissue is subject to morphological, 

functional as well as molecular and mechanical changes throughout the 

menstrual cycle (Gellersen and Brosens, 2014). 

<The human menstrual cycle is approximately 28 days long and can be 

divided into two phases: the follicular (proliferative) phase and the luteal 

(secretory) phase (Ochoa-Bernal and Fazleabas, 2020, Critchley et al., 

2020). The start of each cycle is marked by the onset of menstruation 
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(Brosens et al., 2009). During the first phase, estrogen is produced by 

granulosa cells in the ovaries, which leads to thickening of the endometrium 

(Ochoa-Bernal and Fazleabas, 2020). This thickening is the result of 

proliferating epithelial and stromal cells, as well as angiogenesis (Ochoa-

Bernal and Fazleabas, 2020, Clancy, 2009). Ovulation marks the start of the 

second phase, when the corpus luteum produces progesterone, further 

preparing the endometrium for the possibility of embryo implantation and 

pregnancy; a process known as decidualization (Gellersen and Brosens, 

2014, Suthaporn et al., 2021). In the case of no pregnancy, the corpus 

luteum deteriorates leading to a drop in progesterone levels, vasoconstriction 

in the endometrium with hypoxia and desquamation of the stratum 

functionalis (Suthaporn et al., 2021, Roberts et al., 1992, Gellersen and 

Brosens, 2014).= (Liu et al., 2022) 

 

1.1.2 Decidualization 

To accommodate pregnancies in species in which placentation involves the 

breaching of the luminal epithelium by the fetal trophoblast, the endometrium 

undergoes a process called decidualization (Brosens et al., 2002, Gellersen and 

Brosens, 2014). While decidualization in most eutherian (placental) mammals 

only occurs in the presence of a blastocyst, this process takes place 

spontaneously in higher primates, including humans, some bat species and the 

elephant shrew (Emera et al., 2012). It has been hypothesized that 

spontaneous decidualization and menstruation evolved as an adaptive 

response to conflicting maternal and fetal genomes (Emera et al., 2012). 

<The process of decidualization involves the differentiation of endometrial 

stromal cells, which are of mesenchymal origin and resemble fibroblasts, into 

decidual cells, similar to epithelial cells (Gellersen et al., 2007, Okada et al., 

2018, Ng et al., 2020). During this mesenchymal-epithelial transition, the cells 

become larger and rounder with an expansion of the rough endoplasmic 

reticulum and the Golgi apparatus (Gellersen et al., 2007, Gellersen and 

Brosens, 2014). There is an increase in the number of nucleoli and an 
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accumulation of lipid and glycogen droplets within the cytoplasm (Gellersen 

and Brosens, 2014, Okada et al., 2018). It was also shown that polyploidy is 

common among decidual cells, which might limit their lifespan but could 

benefit the growth of the embryo due to increased protein synthesis (Sachs 

and Shelesnyak, 1955, Sroga et al., 2012). Decidual cells produce large 

quantities of prolactin and insulin-like growth factor binding protein-1, among 

others, which can also be used as bona fide markers for decidualization 

(Gellersen et al., 2007, Gellersen and Brosens, 2014).= (Liu et al., 2022) 

As aforementioned, a major hormonal regulator of decidualization is 

progesterone. Nonetheless, approximately 10 days of stimulation with 

progesterone are required for induction of decidualization (Critchley et al., 2020, 

de Ziegler et al., 1998). It is therefore conceivable that additional factors are 

critical for initiating the differentiation process. One of them is cyclic adenosine 

monophosphate (cAMP) (Gellersen et al., 2007, Gellersen and Brosens, 2014). 

Many local and endocrine cues make use of the cAMP pathway to modulate the 

endometrium, such as prostaglandin E2 and corticotropin-releasing hormone 

post-ovulation or human chorionic gonadotrophin during pregnancy (Brar et al., 

1997, Gravanis et al., 1999, Gellersen and Brosens, 2003, Tang and Gurpide, 

1993). 

Besides prolactin and IGFBP-1, the enzyme 11³-hydroxysteroid dehydrogenase 

(11³HSD) is also known to increase during decidualization (Arcuri et al., 1996, 

Kuroda et al., 2013). Two isoforms of 11³HSD exist (type 1 and 2) and while 

both can catalyze the oxidation of cortisol to the inactive metabolite cortisone, 

only 11³HSD1 can reduce cortisone into active cortisol (McDonald et al., 2006). 

The effect of decidualization on 11³HSD levels in the endometrium is relevant 

because glucocorticoids play a role in inflammation, maturation of fetal organs 

and preterm delivery (Marciniak et al., 2011, Damiani et al., 2017). 

<The human endometrium is subject to cyclic transformations to provide an 

optimal environment for embryo implantation, however, the window of 

implantation is brief (Tan et al., 2018). The uterus is only receptive to a 

blastocyst during the limited duration of about 4 days, approximately 6 to 
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10 days after ovulation (Kimber, 2000, Achache and Revel, 2006). Not only 

does decidualization influence the timing of implantation but it also controls 

the extent of invasion by the embryo (Sharma et al., 2016). Some studies 

even suggest that decidual cells are not passively invaded by the trophoblast 

but actively encapsulate the embryo (Weimar et al., 2013a, Grewal et al., 

2010, Grewal et al., 2008). Moreover, the endometrium has the capability to 

sense the quality of the conceptus and makes a distinction between healthy 

and impaired embryos (Teklenburg et al., 2010, Brosens et al., 2014). 

Therefore, the decidua promotes implantation of high-quality embryos while 

rejecting developmentally impaired ones through modulation of gene 

expression (Teklenburg et al., 2010, Brosens et al., 2014, Koot et al., 2012). 

Defective decidualization can lead to a plethora of pregnancy complications 

such as preeclampsia, preterm birth or even recurrent pregnancy loss, 

highlighting the importance of adequate decidualization in early pregnancy 

(Ng et al., 2020, Cha et al., 2012).< (Liu et al., 2022) 

 

1.1.3 Physiology of RAS and ACE2 

The renin-angiotensin system (RAS) regulates systemic blood pressure as well 

as fluid and electrolyte balance (Hamming et al., 2007). Hypotonia, 

hypovolemia, hyponatremia as well as sympathetic activity stimulate renin 

secretion by renal juxtaglomerular cells (Hackenthal et al., 1990). The protease 

renin cleaves angiotensinogen, produced by the liver, into angiotensin (Ang) I, 

which is subsequently converted into Ang II by the angiotensin-converting 

enzyme (ACE) (Hamming et al., 2007). The effects of Ang II include 

vasoconstriction, aldosterone secretion by the adrenal cortex as well as fluid 

and sodium retention, which in turn lead to increased blood pressure and 

volume, resulting in negative feedback for renin secretion (Fyhrquist and 

Saijonmaa, 2008). 

The angiotensin-converting enzyme 2 (ACE2) acts as a counterbalance to its 

homologue ACE by converting Ang I into Ang 1-9 and Ang II into Ang 1-7 

(Donoghue et al., 2000, Wang et al., 2020b). ACE2 is ubiquitously expressed 
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throughout the human body, with the highest amounts found in the kidneys, 

heart, lungs, testes, intestines and vascular smooth muscle cells (Hamming et 

al., 2004, Gheblawi et al., 2020, Li et al., 2020b). Protective effects of ACE2 

were demonstrated in diseases associated with dysregulated RAS activity, such 

as heart failure (Patel et al., 2016), hypertension (Crackower et al., 2002), renal 

damage (Shiota et al., 2010) and diabetes (Bindom and Lazartigues, 2009). The 

regulatory role of RAS and the function of ACE2 are illustrated in Figure 1-1 

(Liu et al., 2022). 

 

 

Figure 1-1: The Renin-Angiotensin System (RAS) and the Role of the Angiotensin-Converting 
Enzyme 2 (ACE2). Decrease in blood pressure, blood volume and sodium concentration as well as 
increase in sympathetic activity stimulate renin secretion from the kidney. The protease renin converts 
angiotensinogen, released from the liver, into angiotensin I, which is further cleaved into angiotensin II by 
the angiotensin-converting enzyme (ACE). ACE is mainly expressed on pulmonary and renal endothelial 
cells. Angiotensin II has various systemic effects, which ultimately result in increased blood pressure and 
volume. ACE2 exerts a regulatory role by converting angiotensin 1 and 2 into Ang 1-7 and Ang 1-9 (*Data 
on the effects of Ang 139 is limited but similarities to Ang 137 are hypothesized). Vasodilation, decreased 
cell proliferation and inflammation are caused by ACE2, which is amply produced during pregnancy. From 
Liu et al. (2022), CC BY 4.0. 
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Recently, ACE2 has received increased attention due to its role in severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) infection (Gheblawi et al., 

2020, Lu et al., 2020, Chen et al., 2020). It was previously identified as a 

receptor for other human coronaviruses, such as severe acute respiratory 

syndrome coronavirus 1 (SARS-CoV-1) and human coronavirus NL63 (HcoV-

NL63) (Li et al., 2003, Lin et al., 2008). Hence, tissues expressing ACE2 are 

potential targets for these viruses (Wiersinga et al., 2020). 

 

1.1.4 The Role of ACE2 in the Endometrium and during Pregnancy 

In addition to its local effects, RAS impacts the female reproductive system 

locally (Herr et al., 2013). All components of RAS have been found in the 

endometrium (Hagemann et al., 1994) and both their expression and 

distribution are subject to cyclic changes (Li and Ahmed, 1996). Chadchan et al. 

(2021) showed that ACE2 expression in human endometrial stromal cells 

(HESC) increases through decidualization and is highest during the secretory 

phase of the menstrual cycle. They further demonstrated that loss of ACE2 

results in impaired decidualization. Figure 1-2 illustrates physiological 

adaptations of the endometrium throughout the menstrual cycle as well as 

changes in hormone and ACE2 levels (Liu et al., 2022). 
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Figure 1-2: Decidualization and ACE2 in the Human Endometrium. Menstruation marks the beginning 
of each menstrual cycle, followed by the proliferative phase, which is characterized by the proliferation of 
endometrial cells. Decidualization in the secretory phase results in mesenchymal-epithelial transition of 
stromal cells, spiral artery formation and immunological adaptations (e.g., increase in uterine natural killer 
cells). During this 28-day long cycle, estrogen levels (pink, dotted line) are highest during the proliferative 
phase while progesterone (green, dashed line) and ACE2 levels (red, solid line) are elevated during the 
secretory phase. From Liu et al. (2022), CC BY 4.0. 

 

<Furthermore, other studies have found that ACE2 and other components of 

RAS are expressed both in maternal and fetal tissues during pregnancy, 

suggesting their crucial role during implantation, vascular remodeling and 

labor (Marques et al., 2011, Weatherbee et al., 2020, Valdés et al., 2006, 

Valdés et al., 2013, Li et al., 2020a). During pregnancy, the uterus and 

placenta contribute substantially to ACE2 production, thus causing a twofold 

increase in ACE2 activity with subsequent systemic vasodilation (Levy et al., 

2008). The upregulation of RAS in the maternal decidua as well as in the 

endothelial and perivascular stromal cells during the first trimester of 

pregnancy coincides with spiral artery remodeling and angiogenesis (Morgan 
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et al., 1998). Dysregulation of uteroplacental RAS is reported to alter the 

tightly regulated maternal homeostasis causing pregnancy complications 

such as miscarriage, stillbirth and preeclampsia (Irani and Xia, 2011, Irani 

and Xia, 2008, Verdonk et al., 2014). It was also shown that plasma Ang 1-7, 

a product of ACE2, is elevated during healthy pregnancies and that 

preeclamptic mothers had lower levels of Ang 1-7 (Merrill et al., 2002). 

Remarkably, ACE2 is most abundant in the decidua in comparison with 

chorionic or amniotic tissues (Marques et al., 2011). Another compelling 

finding is that ACE2 expression is highest during early pregnancy and is 

negatively correlated with gestational age (Bloise et al., 2021, Neves et al., 

2008). Moreover, fetal sex might affect maternal RAS and for instance, ACE2 

mRNA levels were higher in decidual explants after 24h from women carrying 

a female fetus compared with those carrying a male fetus (Wang et al., 

2012b).= (Liu et al., 2022) 

 

1.2 Pregnancy and the Immune System 

1.2.1 Anatomical and Physiological Changes during Pregnancy 

During pregnancy, the female body is in a unique anatomical and physiological 

state with profound changes occurring throughout all organ systems (Kohlhepp 

et al., 2018). Pregnancy is a hypermetabolic state in which hormone levels are 

adjusted to support fetal growth (Mouzon and Lassance, 2015). The placenta 

itself is responsible for the production of hormones such as human chorionic 

gonadotropin (hCG), progesterone and estrogen as well as gonadotrophin-

releasing hormone (GnRH) and corticotrophin-releasing hormone (CRH) 

(Costa, 2016, Tan and Tan, 2013). Hence, the placenta plays a major role not 

only in sustaining pregnancy but also in regulating the metabolism. 

Physiologically, cardiovascular adaptations mediate an increase of cardiac 

output necessary to meet the elevated basal oxygen consumption level (Bamfo 

et al., 2007, Thornburg et al., 2000). Systemic vasodilation is another 

characteristic of hemodynamics during pregnancy, leading to a drop in blood 
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pressure (Chapman et al., 1998, Grindheim et al., 2012). Pregnancy is also 

marked by a hypercoagulable state with an increase in some procoagulant 

(e.g., factors VII, VIII, IX and fibrinogen) and anticoagulant (e.g., protein S 

activity, activated protein C resistance) factors (Simcox et al., 2015, Szecsi et 

al., 2010). This is also reflected in the increased risk of thromboembolism in 

pregnant and postpartum women (Heit et al., 2005). 

Moreover, the respiratory system is altered during pregnancy. Breathing 

becomes more difficult due to swelling of the mucosa in the upper airways and 

uterine growth, which elevates the diaphragm (Munnur et al., 2005, Petrenko et 

al., 2021). Forced vital capacity (FVC) is decreased and gravid patients have a 

predisposition to lung edema and dyspnea (Jensen et al., 2021, Witry, 1992, 

Lee et al., 2017). 

In addition to increased vulnerability to certain diseases due to the physiological 

adaptions during gestation, pregnancy also poses challenges for medical 

treatment and management. For instance, anesthesia is complicated by higher 

rates of failed endotracheal intubation in obstetric patients, which might be 

attributed to the aforementioned edema in the respiratory tract (Samsoon and 

Young, 1987). Additionally, pregnant patients are at higher risk for aspiration 

during intubation because of increased intra-abdominal pressure and lower 

esophageal sphincter tone (Maronge and Bogod, 2018). Thus, rapid sequence 

induction is recommended for general anesthesia (Devroe et al., 2015). 

It is widely accepted that medication should be prescribed with caution during 

pregnancy as pharmacotherapy needs to be safe for both maternal health and 

fetal development (Mitchell et al., 2011). Gravid patients are commonly exposed 

to over-the-counter drugs, most frequently acetaminophen for treatment of fever 

and pain (Werler et al., 2005). While vaccination is a reliable strategy for the 

prevention of infectious diseases, some vaccines (e.g. live vaccines against 

measles, mumps, rubella or chickenpox) are contraindicated during pregnancy 

(Arora and Lakshmi, 2021). Since clinical trials for new treatment options 

usually exclude pregnant participants, data availability on teratogenicity of drugs 

is poor and much of the knowledge is derived from experiments using rodents 
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and primates (Adam et al., 2011). In low- and middle-income countries, low-

quality drugs (e.g., due to problems in manufacturing or storage) for the 

treatment of obstetric complications pose a serious threat to expectant mothers 

and their offspring (Torloni et al., 2020). 

Given these physiological changes and concomitant medical challenges, 

pregnant women are considered an especially vulnerable group of patients. 

This notion is of particular relevance during health crises such as pandemics. 

 

1.2.2 The Immune System during Pregnancy 

During pregnancy, the immune system is adapted to tolerate the semi-allogenic 

conceptus while simultaneously maintaining responsiveness against pathogens 

(Thellin and Heinen, 2003). Under normal circumstances, the immune system 

recognizes foreign antigens and responds promptly, as demonstrated by the 

rejection of organ transplants in the absence of sufficient immune suppression 

(Frohn et al., 2001). The mechanism by which a fetus, whose genome is half-

paternal, is not rejected by the maternal immune system remains to be 

elucidated (Thellin et al., 2000). 

One possible explanation lies in systemic changes in the immune system. 

Progesterone, which is amply produced by the placenta, reportedly inhibits 

T cell development and suppresses T cell activation during pregnancy (Tibbetts 

et al., 1999, Chien et al., 2007). Through binding to the glucocorticoid receptor, 

progesterone induces selective T cell death (Hierweger et al., 2019). 

Concurrently, progesterone promotes the development of dendritic cells which 

promote immunotolerance and are important for generating CD4+ and CD8+ 

regulatory T cells (Thiele et al., 2019). These mechanisms result in partial 

suppression of the maternal immune system, which increases pregnant 

women's susceptibility to infectious diseases and exacerbates influenza or 

hepatitis E severity. (Sappenfield et al., 2013, Terrault et al., 2021). Similarly, 

the activity of some autoimmune diseases, such as rheumatoid arthritis, is 

known to be reduced by pregnancy (Raine et al., 2020). 
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In addition to systemic effects, the maternal-fetal interface plays a critical role in 

balancing immune activity. During early pregnancy, immune cells make up to 

40% of the decidual tissue and their spectrum is modulated by decidualized 

cells (Bulmer et al., 2010, Bonney, 2017, Erlebacher, 2013). Uterine natural 

killer cells (uNK) (70%) and macrophages (20-25%) are the most common 

leukocytes in the decidual tissue, while dendritic cells, B and T lymphocytes are 

rare (Gellersen and Brosens, 2014, Erlebacher, 2013, Ticconi et al., 2019). The 

number of uNK increases during decidualization and they are thought to play a 

role in spiral artery remodeling, clearance of senescent decidual cells, 

modulation of maternal immune tolerance and protection against pathogens (Ng 

et al., 2020, Sojka et al., 2019, Brighton et al., 2017). Decidualization further 

leads to entrapment and reduction of dendritic cells, which decreases T cell 

activation and inhibits immune reaction against the fetus (Collins et al., 2009).  

 

1.3 SARS-CoV-2 and COVID-19 

In March 2020, the World Health Organization declared Coronavirus disease 

2019 (COVID-19) a global pandemic (WHO, 2020). The disease is caused by a 

virus called Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) 

and, as of November 2023, there have been over 772 million confirmed cases 

and more than 6.9 million deaths (WHO, 2023b). 

 

1.3.1 Structure and Pathophysiology of SARS-CoV-2 

<SARS-CoV-2 belongs to the same genus betacoronavirus as SARS-CoV 

and MERS-CoV, which are all enveloped viruses with a single-stranded 

positive-sense RNA (Lu et al., 2020, Samudrala et al., 2020). Although the 

origin of SARS-CoV-2 has not been fully clarified yet, it is most likely that it 

originated from bats, which are a natural reservoir for coronaviruses, and was 

passed on to humans via an intermediate host such as pangolins (Zhang and 

Holmes, 2020, Hu et al., 2021). 
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SARS-CoV-2 consists of four structural proteins: spike (S), nucleocapsid (N), 

membrane (M) and envelope (E) protein (Figure 1-3) (Wang et al., 2020c). 

The S-protein is of utmost interest, as it facilitates virus entry into host cells 

(Li et al., 2003, Zhou et al., 2020b). Due to the similarity of their S-proteins, 

SARS-CoV and SARS-CoV-2 both utilize the cell surface receptor ACE2 for 

attachment and penetration of host cells (Zhou et al., 2020b). However, the 

receptor-binding domain (RBD) of the S-protein differs among SARS-CoV 

and SARS-CoV-2, resulting in higher binding affinity to ACE2 of the latter 

(Shang et al., 2020). A precondition for the interaction of SARS-CoV-2 with 

ACE2 is S-protein priming by host proteases, among which the most relevant 

seems to be transmembrane protease serine 2 (TMPRSS2) (Hoffmann et al., 

2020).= (Liu et al., 2022) 

After cell entry, the nucleocapsid is released into the cytoplasm of the host cell 

with subsequent uncoating, transcription and replication of the viral RNA 

(Baggen et al., 2021). The resulting negative-strand copies are translated into 

structural and accessory proteins (Nakagawa et al., 2016). The virions are 

assembled and released from the host cell, capable of infecting additional host 

cells and initiating yet another viral life cycle (de Haan et al., 2000, Baggen et 

al., 2021). 
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Figure 1-3: Structure and Cell Entry Mechanism of SARS-CoV-2. The Severe Acute Respiratory 
Syndrome Coronavirus 2 consists of four structural proteins (spike, nucleocapsid, membrane and 
envelope protein) and contains a single-stranded positive-sense RNA. Key factors of SARS-CoV-2 cell 
entry are the transmembrane protease serine 2 (TMPRSS2) and the angiotensin-converting enzyme 2 
(ACE2) receptor, which are expressed on host cell membranes. After cleavage by TMPRSS2, the 
interaction of the spike protein with ACE2 leads to endocytosis of the virus by host cells. From Liu et al. 
(2022), CC BY 4.0. 

The replication of RNA viruses generally is more error-prone than that of DNA 

viruses and as a result, mutation rates are high (Drake et al., 1998). However, 

coronaviruses possess an exceptionally large genome and express an 

exoribonuclease with a proofreading function (Minskaia et al., 2006, Graepel et 

al., 2017). Although the mutation rates of coronaviruses are lower compared to 

other RNA viruses, the WHO previously identified five variants of concern 

(VOC) and numerous variants of interest (VOI) of SARS-CoV-2 (Rambaut et al., 

2020). Both VOI and VOC are genetically distinct from the index virus first 

identified in December 2019 or have a growth advantage over other circulating 
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variants, but VOC exhibit increased disease severity, reduced efficacy of 

available vaccines or require major public health interventions (WHO, 2023a). 

The previously circulating VOC were: Alpha (Pango lineage B.1.1.7, first 

detected in the UK), Beta (B.1.351, South Africa), Gamma (P.1, Brazil), Delta 

(B.1.617.2, India) and Omicron (B.1.1.529, multiple countries) (ECDC, 2023a). 

As of November 2023, no variants are categorized as VOC (ECDC, 2023b). 

Mutations in the spike protein of SARS-CoV-2 are of great concern because 

they may affect viral interaction with ACE2 and entry into the host cell (Zhou et 

al., 2020b). All the previous VOC showed an increased transmission rate and 

the variants Alpha, Beta, Gamma and Delta were also more virulent than the 

index virus (Mistry et al., 2021). The Omicron variant has a higher rate of 

transmissibility compared to all other variants but also causes less severe 

diseases (Chatterjee et al., 2023). Due to over 30 mutations in the spike protein 

including 15 in the receptor binding domain, Omicron has elevated binding 

affinity to the ACE2 receptor (Shah and Woo, 2021). These mutations also 

explain the reduced neutralizing efficacy of antibody titers after vaccination, thus 

requiring a booster dose (Basile et al., 2022). 

 

1.3.2 Clinical Characteristics of COVID-19  

SARS-CoV-2 is mainly passed on via respiratory droplets, aerosols and contact 

transmission (Stadnytskyi et al., 2020, Tang et al., 2020). Initial estimates of the 

basic reproduction number (R0) were around 2 to 3 but the new variants Delta 

and Omicron have significantly higher R0 values with 5 and 8, respectively 

(Salzberger et al., 2021, Liu and Rocklöv, 2021, Liu and Rocklöv, 2022). The 

incubation period is approximately 4 to 5 days, but viral shedding can occur 

3 days prior to the onset of symptoms (Lauer et al., 2020, McAloon et al., 2020, 

Widders et al., 2020). 

<The clinical presentation of COVID-19 varies greatly from asymptomatic and 

mild to critical and even fatal cases (Cevik et al., 2020). Diagnosis is further 

impeded by unspecific symptoms, which resemble the clinical picture of the 

common cold, influenza or other respiratory diseases (Liu et al., 2020). The 
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most common manifestations are fever and cough, which are present in the 

majority of the patients, followed by fatigue and shortness of breath (Guan et 

al., 2020, Samudrala et al., 2020, Wiersinga et al., 2020). Anosmia, ageusia, 

myalgia and diarrhea are less frequent among COVID-19 patients (Adil et al., 

2021, Spinato et al., 2020). Some symptoms, for instance fatigue or dyspnea, 

can persist despite microbiological recovery 3 a condition termed Long 

COVID (Carfì et al., 2020, Halpin et al., 2021).= (Liu et al., 2022) 

<COVID-19 not only involves the lungs and the respiratory tract, but also 

multiple organ systems (Lai et al., 2020). This includes cardiovascular (e.g. 

acute cardiac injury, myocarditis), gastrointestinal (e.g. nausea and vomiting, 

diarrhea), neurological (e.g. dizziness, stroke) and hematological 

manifestations (e.g. lymphocytopenia, thrombotic events, disseminated 

intravascular coagulation (DIC)) (Lai et al., 2020, Magadum and Kishore, 

2020, Mao et al., 2020, Orsini et al., 2020, Rahi et al., 2021). A case point 

feature of COVID-19 is, that it triggers an extensive inflammatory response, 

the <cytokine storm=, which further aggravates damage done by the virus 

(Ragab et al., 2020). A delay in immune response due to immune evasion of 

SARS-CoV-2 with consequentially unhindered virus replication is found in 

severe cases of COVID-19 (Felsenstein et al., 2020, Blanco-Melo et al., 

2020, Keam et al., 2020). Virus-induced cell death prompts the recruitment of 

macrophages and neutrophils, followed by hyperinflammation (Felsenstein et 

al., 2020). Subsequent tissue damage and multi-organ failure are the main 

cause of death in COVID-19 (Melenotte et al., 2020, Wang et al., 2020a).= 

(Liu et al., 2022) 

While over 80% of COVID-19 cases are either asymptomatic or mildly 

symptomatic, infections with the Delta variant were associated with significantly 

higher rates of oxygen requirement, ICU admission and mortality (Wu and 

McGoogan, 2020, Ong et al., 2021). The requirement of hospital admission and 

emergency care attendance was also higher in patients infected with the Delta 

variant (Twohig et al., 2022). The Omicron variant, on the other hand, is found 

to cause less severe COVID-19 cases with lower hospitalization rates (Wolter et 

al., 2022, Jassat et al., 2022). 
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1.4 COVID-19 and Pregnancy 

1.4.1 Maternal and Neonatal Outcomes 

According to a meta-analysis by Smith et al. (2023a) involving 13 136 cases, 

pregnant women infected with SARS-CoV-2 had a significantly higher risk of 

pneumonia, thromboembolic disease and death than uninfected pregnant 

women. Advanced maternal age, comorbidities (e.g., diabetes mellitus, 

hypertension and cardiovascular disease), pre-pregnancy obesity or 

underweight as well as low socioeconomic status have been identified as 

possible risk factors for adverse outcomes (Torres-Torres et al., 2021, Smith et 

al., 2023b). Notably, the majority of pregnant women only experience mild 

symptoms and fully recover from COVID-19, similar to the general population 

(Wang et al., 2021, Charuta et al., 2023). 

Reported complications of neonates born to SARS-CoV-2 positive women 

include preterm delivery, admission to a neonatal care unit after birth, low birth 

weight and neonatal death (Simbar et al., 2023, Smith et al., 2023a). Recent 

studies underpin the fact that neonates exposed to SARS-CoV-2 during 

gestation are generally healthy and that most newborns do not show any 

manifestation of respiratory illness (Yan et al., 2020, Gale et al., 2021). 

Perinatal infection rate is low and the risk of transmission is not increased by 

rooming-in of the newborn with the mother (Morniroli et al., 2023). 

The Delta variant is linked to higher transmission rates and disease severity 

among pregnant women (Seasely et al., 2021, Adhikari et al., 2022b). An 

increase in infection was also seen with the Omicron variant, but the severity 

was not increased or even decreased (Adhikari et al., 2022a, Birol Ilter et al., 

2022). 

To prevent both maternal and neonatal adverse outcomes, pregnant women are 

advised to be vaccinated against COVID-19 (Luxi et al., 2021). Multiple studies 

confirm that morbidity and mortality are significantly decreased through 

immunization during pregnancy (Vousden et al., 2022, Birol Ilter et al., 2022). 
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Vaccination reduces risk of stillbirth, preterm birth and neonatal ICU admission 

but not neonatal infection (Rahmati et al., 2023). A third vaccine dose is 

necessary to elicit an adequate neutralizing antibody response against the 

Omicron variant (Rottenstreich et al., 2022). Adverse events, such as 

miscarriage or fetal abnormalities, did not increase, indicating that vaccination 

during pregnancy is safe. Yet, many expectant mothers are hesitant to take up 

vaccination against COVID-19 and continuous effort is required to inform and 

encourage particularly vulnerable groups (Goncu Ayhan et al., 2021). 

 

1.4.2 Possibility of Vertical Transmission 

The process of ante-, peri- or postnatal mother-to-child transmission of 

infectious agents is termed vertical transmission (Arora et al., 2017). 

<Several bacteria, viruses and parasites are known to cause congenital 

infection, the most common one being the cytomegalovirus (CMV) (Hughes 

and Gyamfi-Bannerman, 2016). The consequences of these infections 

depend on the pathogens, with some causing fetal death (e.g., parvovirus 

B19, mumps virus, rubella virus) and others leading to malformations or 

organ defects (e.g., Chlamydia trachomatis, Treponema pallidum, CMV, 

Toxoplasma gondii) (Adams Waldorf and McAdams, 2013). Another 

determinant of teratogenicity is the time of infection: the rubella virus causes 

cerebral, cardiac, ophthalmic and auditory defects when infection occurs in 

the first trimester of pregnancy (during organogenesis), whereas the fetus is 

most vulnerable to the hemolytic effect of parvovirus B19 and subsequent 

hydrops fetalis during the second trimester, due to heightened hematopoiesis 

in the fetal liver (Adams Waldorf and McAdams, 2013, Lamont et al., 2011). 

While SARS-CoV-2 can be passed from mother to infant through respiratory 

droplets during labor or in the postnatal period, the question of in utero 

transmission remains unresolved (Karimi-Zarchi et al., 2020). Infection rates 

among neonates born to COVID-19 positive mothers are low (6%), however, 

cases of early-onset COVID-19 exist with infants testing positive via 

nasopharyngeal swabs within 12 h postpartum (Capobianco et al., 2020, Di 
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Toro et al., 2021). Further, antibodies against SARS-CoV-2 identified in 

newborns shed additional light on the possibility of prenatal vertical 

transmission (Zeng et al., 2020, Dong et al., 2020). In contrast to IgG, which 

is subject to physiological transplacental transfer and therefore could 

originate from maternal blood, elevated levels of IgM indicate infection of the 

fetus in utero, as IgM usually does not cross the placental barrier (Palmeira 

et al., 2012). Nevertheless, inflammatory processes can affect the placental 

barrier and result in altered transfer of immunoglobulin (Ben-Hur et al., 2005). 

Thus, elevated IgM levels in neonates are no definite proof for in utero 

transmission of SARS-CoV-2. 

Furthermore, in a study from Hecht et al. SARS-CoV-2 RNA was detected in 

the syncytiotrophoblast and cytotrophoblast of placentas from COVID-19 

positive mothers (Hecht et al., 2020). This demonstrates that SARS-CoV-2 

can infect the placenta, however, it does not definitely confirm vertical 

transmission. Further, these women were tested (positive for COVID-19) 

peripartum, limiting the insights into late pregnancy infection.= (Liu et al., 

2022) 

Figure 1-4 gives an overview of pathogens with known vertical transmission 

and possible consequences. 
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Figure 1-4: Vertical Transmission of Pathogens and Possible Consequences. Several viruses (blue), 
bacteria (red) and parasites (green) are known to be vertically transmitted during pregnancy. Infection 
during pregnancy can result in organ malformations, preterm birth, growth restriction and miscarriage. 
From Liu et al. (2022), CC BY 4.0.. 

 

1.5 Models used in Biomedical Research 

Due to ethical and practical reasons, it is not always feasible to study the 

structure and function of the human body as well as the pathophysiology and 

treatment options for diseases directly in humans. Therefore, biomedical 

research relies heavily on models to enable research and scientific advances. 

The aim of these models is to replicate human in vivo conditions as best as 

possible while considering the requirements of specific experiments and 

research questions. In addition to well-established two-dimensional (2D) 

monolayer cell cultures and animal models, recent years have seen a surge in 

increasingly complex, three-dimensional (3D) cell culture models (de Dios-

Figueroa et al., 2021). A brief overview of the various models including their 

advantages and disadvantages can be found in Table 1-1. 
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Table 1-1: Comparison of 2D Cell Culture, Animal and 3D Cell Culture models. Relative scores are 
represented as very good (+++), good (++) and poor (+). Pictograms created with BioRender.com. 

 

2D Cell Culture 

Models 

 

Animal Models 

 

3D Models 

(Spheroids and 

Organoids) 

 

Affordability +++ + ++ 

Time Efficiency +++ + ++ 

Accessibility +++ ++ ++ 

Reproducibility and 

Controllability 
+++ + ++ 

Replication of 

Human Cell 

Characteristics 

+ +/++ ++/+++ 

Species Specificity +++ + +++ 

Complete 

Organism 
+ +++ + 

Ethics +++ + ++/+++ 

References 

Bissell et al. (2002), 

Duval et al. (2017), 

Edmondson et al. 

(2014), de Dios-

Figueroa et al. 

(2021), de Melo et 

al. (2021) 

Demetrius (2006), 

Andersen and 

Winter (2019), 

Robinson et al. 

(2019), Bédard et 

al. (2020) 

Pampaloni et al. 

(2007), Clevers 

(2019), Kim et al. 

(2020), Jensen and 

Teng (2020), de 

Dios-Figueroa et al. 

(2021), de Melo et al. 

(2021) 
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1.5.1 Monolayer Cell Culture and Animal Models 

The most common in vitro approach is the use of monolayer cultures of cell 

lines grown on polystyrene plates (Duval et al., 2017, Bissell et al., 2002). Their 

application is uncomplicated, inexpensive and relatively fast. Experiments can 

be conducted in a tightly controlled manner and with high reproducibility (de 

Dios-Figueroa et al., 2021). Laboratories around the world have gained 

considerable experience in handling this easily accessible model, making 

monolayer cell cultures important tools in advancing knowledge in various 

biomedical fields of research (de Melo et al., 2021, Duval et al., 2017). 

However, accurate replication of living organisms is limited. The majority of 2D 

cultures consist of one single cell line and therefore lack the complexity of 

actual tissues and organs. Changes in morphology have been observed in 

adherent cells grown on a flat surface (Edmondson et al., 2014). In nature, cells 

do not grow as an isolated entity but in a context provided by cell-cell and cell-

extracellular matrix (ECM) interactions, which both influence the structure and 

function of cells (Kleinman et al., 2003). Growing cells in 2D causes loss of tight 

junctions and abnormal polarity (de Dios-Figueroa et al., 2021, de Melo et al., 

2021). The absence of a cell microenvironment not only causes phenotypic 

alterations but also changes in gene expression (Oda et al., 2008, Griffith and 

Swartz, 2006). Moreover, deviations from the natural cell cycle regarding 

migration, proliferation and cell death or apoptosis are another deficit in 

monolayer cell cultures (Bissell et al., 2002, Pampaloni et al., 2007). 

Another classical model makes use of in vivo experiments in animals, 

predominantly mice and rats (Robinson et al., 2019). Since these models 

comprise of complete organisms, they allow for studying interactions between 

several organs and organ systems. Similarities in anatomy and physiology 

between animals, especially mammals, and humans enable conclusions from 

tests, such as on drugs and toxicity (Bédard et al., 2020). Due to a shorter life 

span, diseases can be studied fully over the course of an entire life cycle 

(Demetrius, 2006, Bédard et al., 2020). An advantage in comparison to tests in 

humans is the possibility of conducting experiments in a controlled environment. 

Nonetheless, many findings are not applicable to humans. For instance, human 
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cell tropism of viruses hinders the translation of results regarding infection and 

pathogenesis obtained from animal models (de Dios-Figueroa et al., 2021). A 

systematic review of highly cited animal studies showed that only a third of the 

research could be translated to humans at the level of randomized trials 

(Hackam and Redelmeier, 2006). Ethical concerns about the use of sentient 

beings as experimental models are also voiced. Consistent with the 3R 

principles in research, scientists should aim to replace animals with other 

suitable models, reduce animal testing and refine experiments to improve 

animal welfare (Bédard et al., 2020, Andersen and Winter, 2019). Further, 

experimenting on animals is cost- and time-consuming, rendering them 

inefficient, particularly considering their limited applicability to humans 

(Robinson et al., 2019). Despite these shortcomings, animal models remain the 

gold standard in drug testing (Ma et al., 2021). 

 

1.5.2 Three-Dimensional Cell Culture Models 

In contrast to the aforementioned approaches, 3D cell culture models use 

human cells grown in a spatial organization resembling in vivo tissues and 

organs. While various forms of 3D models exist, ranging from scaffold-free and 

scaffold-based to combinations of the two methods, they all have in common 

that the cells are grown in context (de Dios-Figueroa et al., 2021). This 

complexity allows for interactions of cells with each other and with their 

surroundings, which in turn influence cellular growth and function (Pampaloni et 

al., 2007). Hence, cells grown in the third dimension tend to retain tissue-

specific phenotype better, express genes and proteins more similar to cells in 

vivo and have more cell-cell junctions. They also respond to stimuli, such as 

drugs or nutrients, more like cells in vivo than cells grown as monolayers 

(Jensen and Teng, 2020). An advantage over 2D cell culture models is seen in 

drug testing, as 3D models simulate aspects of cell mass penetration, diffusion 

gradients and barriers caused by tight junctions more realistically (Friedrich et 

al., 2009). These characteristics of 3D models could help develop drugs which 

are more efficient and better suitable for human application. However, creating 
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models with higher complexity is time-consuming because the cells grow more 

slowly and throughput is lower; 3D models are more difficult to implement on a 

large scale and are more cost-intensive than conventional cell culture (Jensen 

and Teng, 2020). In addition, 3D models lack vascular emulation and insights 

into organ-organ interactions or immune response are limited (de Dios-Figueroa 

et al., 2021). Since conventional microscopy is optimized for imaging of thinner 

2D structures, the requirement of modern imaging techniques poses another 

obstacle to the implementation of 3D models (Pampaloni et al., 2007). 

The most commonly used 3D models are spheroids, which were originally used 

in tumor research (de Dios-Figueroa et al., 2021). Spheroids consist of a 

scaffold-free system, in which adherent cells in suspension aggregate and 

compact into a multicellular structure (Lin and Chang, 2008). To generate 

spheroids, a non-adherent surface needs to be created in the culture ware. This 

can be achieved through various methods. Simple approaches include the 

liquid-overlay technique, which uses well plates with non-adhesive coatings, or 

the hanging drop method. For large-scale productions, rotary systems like the 

spinner flask can be employed (Lin and Chang, 2008). Since spheroids share 

many characteristics with avascular, solid tumors, such as a nutrient gradient 

from the periphery to the center and central hypoxia with necrosis, they 

realistically model tumor pathophysiology (Santini and Rainaldi, 1999). Further, 

Spheroids are used in drug screening, research on neurodegeneration and 

angiogenesis as well as tissue engineering (Bell et al., 2016, Yong et al., 2021, 

Heiss et al., 2015, Ong et al., 2018). Although most spheroids consist of 

commercially available, differentiated cell lines, stem cells can also form 

spheroids (Baptista et al., 2018, Ryu et al., 2019). Compared to other 3D 

models, spheroids are relatively inexpensive and can be generated in a short 

amount of time. Depending on the method used, spheroid formation can be 

labor-intensive with variations in size and shape (de Dios-Figueroa et al., 2021). 

Another 3D cell culture model are organoids, which can be derived either from 

human embryonic stem cells, induced pluripotent stem cells or organ-restricted 

adult stem cells (Clevers, 2016). There are several methods to facilitate self-

organization of stem cells. Solid matrices, such as natural Matrigel or chemically 
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defined hydrogels, mimic the ECM and support growth and differentiation (Rossi 

et al., 2018, Fujii et al., 2018). Organoids can also be cultured in suspension 

with and without additional ECM components (Eiraku et al., 2011, Kumar et al., 

2019). To induce the development of organ-specific characteristics, stem cells 

are subjected to a complex interplay of exogenous (e.g., growth factors) and 

endogenous signals (e.g., morphogens from the starting cell culture) (Rossi et 

al., 2018). Thus, numerous protocols exist for establishing unique organoids as 

models for various tissues and organs. Since organoids originate from patient-

derived primary cells, they are a promising tool in personalized medicine 

(Clevers, 2019). Another advantage is their ability to self-expand and self-renew 

which allows for a small amount of starting material, long-term culture and 

biobanking (Chen et al., 2021, Fatehullah et al., 2016). However, primary cells 

can be difficult to access and compared to monolayer models, organoids are 

more complicated and time-consuming to culture (Kim et al., 2020). In terms of 

complexity, organoids have limitations, such as a lack of vascularization and an 

immune system (de Melo et al., 2021). Due to their heterogeneity, replicating 

experiments can be challenging (de Dios-Figueroa et al., 2021). 

Other more advanced and intricate 3D models aim to replicate not only a type of 

tissue or an organ but also the interactions between different organ systems. 

One such technology is the organ-on-a-chip, which incorporates both 

microfluidics and cell culture (Kimura et al., 2018). Not only can it mimic multiple 

organs but also human blood circulation, which is beneficial for studying the 

systemic effects of drugs or toxins (Ma et al., 2021). In addition to the previously 

discussed examples, various other 3D models are available for biomedical 

research, such as organotypic raft cultures or bioprinted models (Schweinfurth 

and Meyers, 2006, Mandrycky et al., 2016). 

 

1.5.3 3D Models in Reproductive Medicine 

Experimenting on humans often entails practical and ethical problems, which is 

especially true in reproductive medicine. While commonly used, animal models 

fail to duplicate certain characteristics of pregnancy unique to humans. In most 
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mammals, including mice and rats, decidualization occurs only in the presence 

of a conceptus, whereas the human endometrium decidualizes spontaneously 

and additionally undergoes menstruation (Gellersen et al., 2007). Compared to 

other mammals, the monthly fecundity rate in humans is very low (20%) and 

therefore insights on fertility from animal studies are limited (Evers, 2002). Other 

differences concern molecular mechanisms, such as contrasting expression of 

mucin during the window of implantation or variation in the distribution of 

progesterone receptors throughout the reproductive tract (Koot et al., 2012, 

Teilmann et al., 2006). Despite the knowledge gained by animal models, in vitro 

approaches are needed to further advance knowledge in reproductive medicine. 

An optimal model for studying human reproduction should include both 

embryonic and maternal cells of human origin. Co-cultures of either endometrial 

stromal or epithelial cells with human embryo cells can be used to model 

different stages of implantation (Weimar et al., 2013b, Dominguez et al., 2003, 

Teklenburg et al., 2010, You et al., 2019). Due to ethical concerns and 

restrictions on the use of human embryos, mouse blastocysts or spheroids from 

trophoblast cells serve as substitutes (Domínguez et al., 2010, Holmberg et al., 

2012). While these models permit interesting insights into the interactions 

between blastocyst and endometrium, some drawbacks remain. For instance, 

excluding one of the two endometrial cell types results in less complex cell-cell 

communication patterns. Further, culturing the cells in a monolayer leads to 

deviations from the original cell morphology and function (Jensen and Teng, 

2020). 

A higher degree of complexity is achieved by combining endometrial stromal 

and epithelial cells with collagen and Matrigel in between (Bentin-Ley et al., 

1994, Park et al., 2003). This multilayer cell culture model enabled the formation 

of a polarized columnar epithelial layer with apical microvilli and cilia similar to in 

vivo morphology. Another study on embryo attachment applied a similar 

technique, in which endometrial epithelial cells were grown on a layer of 

endometrial stromal cells in a 3D fibrin matrix and spheroids consisting of a 

human choriocarcinoma cell line were seeded on top (Wang et al., 2012a). 
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While establishing such a culture is laborious, it provides valuable insights into 

the process of embryo implantation. 

 

1.6 Hypothesis and Aims 

Pregnant women infected with SARS-CoV-2 have higher rates of premature 

birth and reports of early onset COVID-19 in neonates born to infected gravid 

patients exist. While it remains unclear whether SARS-CoV-2 can be 

transmitted vertically, key entry factors for infection have been found in maternal 

and fetal tissues. Therefore, we hypothesize that SARS-CoV-2 can infect the 

endometrium, which leads to dysregulation of pathways associated with 

inflammation, immune evasion and, ultimately, pregnancy loss. We further 

postulate that decidualization has an impact on the effects of SARS-CoV-2 

infection in the endometrium. 

The aims of this dissertation are I to confirm the presence of key entry factors 

for SARS-CoV-2 in the endometrium, II to investigate the effect of 

decidualization on the expression of these factors, III to establish a three-

dimensional in vitro endometrial spheroid model to study vertical transmission, 

IV to determine the susceptibility for SARS-CoV-2 of endometrial cells and V to 

study the effect of SARS-CoV-2 infection on the endometrium. 
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2 Materials and Methods 

2.1 Materials 

Table 2-1: List of Cells and Viruses, in Alphabetical Order 

Item Catalog 

number 

Company 

Benign human endometrial 

stromal cells (HESC) 

#T0533 Applied Biological 

Materials Inc., 

Richmond, Canada 

CACO-2 A KRAS wildtype colorectal cancer cell line 

(ATCC, HTB-37), stably transfected with a 

doxycycline-inducible KRASG12V 

expression system (Kuhn et al., 2021) 

Endometrial organoid lines Derived from primary stem cells isolated 

from tissue biopsies of healthy 

premenopausal subjects at the 

Department of Women9s Health, University 

Women9s Hospital Tübingen (Brucker et 

al., 2022) 

Ishikawa cell line, a well-

differentiated human 

endometrial adenocarcinoma 

cell line (ISK) 

#99040201 Merck, UK 

Recombinant SARS-CoV-2 

expressing mNeonGreen 

(icSARS-CoV-2-mNG) 

Obtained from the World Reference Center 

for Emerging Viruses and Arboviruses at 

the University of Texas Medical Branch 

(Xie et al., 2020) 

SARS-CoV-2 B.1 (Wildtype) Isolated from a throat swab collected in 

March 2020 at the Institute for Medical 

Virology and Epidemiology of Viral 
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Diseases, University Hospital Tübingen, 

from a PCR-positive patient (Ruetalo et al., 

2021) 

SARS-CoV-2 B.1.617.2 (Delta) Isolated from a throat swab collected in 

May 2021 at the Institute for Medical 

Virology and Epidemiology of Viral 

Diseases, University Hospital Tübingen, 

from a PCR-positive patient (Wagner et al., 

2022) 

 

Table 2-2: List of Reagents and Chemicals, in Alphabetical Order 

Item Catalog number Company 

2-Mercaptoethanol #31350010 Thermofisher 

Scientific, Germany 

8-Bromo-cAMP, sodium salt #1140 Tocris, UK 

A 83-01 #2939 Tocris, UK 

Advanced DMEM/F-12 #12634010 Thermofisher 

Scientific, Germany 

Ammonium persulfate solution 

(APS) 

#9592.3 Carl Roth, Germany 

Animal-free recombinant human 

EGF 

#AF-100-15 Peprotech, Germany 

Antibiotic/antimycotic solution #15240062 Invitrogen, Germany 

B-27 supplement (50x) #17504044 Thermofisher 

Scientific, Germany 

Bromophenol blue #15375.01 SERVA 

Electrophoresis 

GmbH, Germany 
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Collagenase/Dispase #10269638001 Merck, Germany 

Cultrex organoid harvesting 

solution 

#3700-100-01 Bio-Techne, Germany 

Cultrex reduced growth factor 

basement membrane extract 

(BME), Type 2, Select 

#3536-005-02 Bio-Techne, Germany 

DAPI (49,6-Diamidino-2-

phenylindole, dihydrochloride) 

#D1306 Invitrogen, Germany 

Dextran coated charcoal (DCC) #C6241 Sigma-Aldrich, USA 

Dimethyl sulfoxide (DMSO) #D12345 Invitrogen, Germany 

Dulbecco9s modified eagle 

medium/Nutrient mixture F-12 

(DMEM/F12) 

#11039021 Invitrogen, Germany 

Dulbecco9s phosphate buffered 

saline (PBS) 

#D8537 Sigma-Aldrich, UK 

Fetal bovine serum (FBS) #10270106 Invitrogen, Germany 

GlutaMAX supplement #35050061 Thermofisher 

Scientific, Germany 

Glycerol #3783 Carl Roth, Germany 

HEPES (4-(2-Hydroxyethyl)-1-

piperazineethanesulfonic acid) 

#15630056 Thermofisher 

Scientific, Germany 

L-glutamine #25030024 Invitrogen, Germany 

LEGENDplex human 

inflammation panel 1 (13-plex) 

with V-bottom plate 

#740809 BioLegend, USA 

LIVE/DEAD viability/cytotoxicity 

kit, for mammalian cells 

#L3224 Invitrogen, Germany 
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LWRN 10% conditioned medium 

(RN8) 

 Kindly provided by Dr. 

André Koch 

Maxima H Minus cDNA 

synthesis master mix, with 

dsDNase 

#M1681 Thermofisher 

Scientific, Germany 

Medroxyprogesterone 17-

acetate (MPA) 

#M1629 Sigma-Aldrich, 

Germany 

Methanol #32213 Honeywell, USA 

N-2 supplement (100x) #17502048 Thermofisher 

Scientific, Germany 

N-Acetyl-L-cystein #A9165 Sigma-Aldrich, 

Germany 

Nicotinamide #N0636 Sigma-Aldrich, 

Germany 

Paraformaldehyde (PFA), 4% in 

PBS 

#J19943.K2 Thermofisher 

Scientific, Germany 

Pierce 10X western blot transfer 

buffer, methanol-free 

#35045 Thermofisher 

Scientific, Germany 

PowerUp SYBR Green master 

mix 

#A25742 Thermofisher 

Scientific, Germany 

ProLong Gold antifade mountant 

with DAPI 

#P36931 Invitrogen, Germany 

ProSieve QuadColor protein 

marker 

#00193837 Lonza, USA 

PureLink RNA mini kit #12183020 Invitrogen, Germany 

Recombinant human FGF-10 #100-26 Peprotech, Germany 

RNeasy mini kit #74104 Qiagen, Germany 
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ROTIPHORESE 10x SDS-PAGE #3060.2 Carl Roth, Germany 

ROTIPHORESE NF-

acrylamide/bis-solution 30 (29:1) 

#A124.2 Carl Roth, Germany 

SB 202190 monohydrochloride 

hydrate 

#S7076 Sigma-Aldrich, 

Germany 

Sodium chloride (NaCl) #27810.295 VWR International, 

USA 

Sodium dodecyl sulfate (SDS) #L5750 Sigma-Aldrich, 

Germany 

TEMED #2367.3 Carl Roth, Germany 

Tri-sodium citrate dihydrate #1370421000 Merck, Germany 

Triton X-100 #A16046.0F Thermofisher 

Scientific, Germany 

Trizma base # T1503 Sigma-Aldrich, 

Germany 

Trypan blue #T8154 Sigma-Aldrich, 

Germany 

Trypsin-EDTA, 0.25% #25200056 Invitrogen, Germany 

Tween 20 #P1379 Sigma-Aldrich, 

Germany 

UltraPure agarose #16500100 Invitrogen, Germany 

Water for molecular biology, 

sterile filtered 

#95284 Sigma-Aldrich, 

Germany 

WesternBright ECL HRP 

substrate 

#K-12045-D50 Advansta, USA 

Xylol #131769.1611 AppliChem, Germany 

Y-27632 dihydrochloride #M1817 AbMole, USA 
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Table 2-3: List of Consumable Supplies, in Alphabetical Order 

Item Catalog number Company 

48-well plate #353230 Corning, USA 

6-well plate #353224 Corning, USA 

96-well plate #353072 Corning, USA 

Amersham Hybond P western 

blotting membranes, PVDF 

#GE10600023 Sigma-Aldrich, 

Germany 

Cell counting slides #1450015 Bio-Rad, Germany 

Cell culture flask (T75) #658175 Greiner Bio-One, 

Germany 

Cell lifter #3008 Corning, USA 

Corning Falcon 15 mL conical 

centrifuge tubes 

#10773501 Thermofisher Scientific, 

Germany 

Corning Falcon 50 mL conical 

centrifuge tubes 

#10788561 Thermofisher Scientific, 

Germany 

Cover slips #474030-9000-

000 

Carl Zeiss, Germany 

Gel cassettes, 1.5 mm #NC2015 Invitrogen, Germany 

Glass slide #03-0004 R. Langenbrick GmbH, 

Germany 

ImmEdge hydrophobic barrier 

PAP pen 

#H-4000 Vector laboratories, 

Germany 

MicroAmp fast optical 96-Well 

reaction plate, 0.1 mL 

#4346907 Life Technologies, 

Germany 

Microcentrifuge tubes #0030125150 Eppendorf, Germany 

Optical adhesive covers, PCR 

compatible 

#4360954 Thermofisher Scientific, 

Germany 



 33 

Xcell SureLock Mini-Cell 

electrophoresis system 

#EI0001 Life Technologies, 

Germany 

 

Table 2-4: List of Antibodies, in Alphabetical Order 

Item Catalog 

number 
Company 

ACE2 rabbit, polyclonal 
antibody 

#21115-1-AP Proteintech, Germany 

Anti-rabbit IgG, HRP-linked #7074 Cell Signaling 
Technology, Germany 

GAPDH (14C10) rabbit, 
monoclonal antibody 

#2118 Cell Signaling 
Technology, Germany 

Goat anti-mouse IgG (H+L) 
cross-adsorbed secondary 
antibody, Alexa Fluor 594 

#A-11005 Invitrogen, Germany 

Goat anti-rabbit IgG (H+L) 
cross-adsorbed secondary 
antibody, Alexa Fluor 488 

#A-11008 Invitrogen, Germany 

Goat anti-rabbit IgG (H+L) 
cross-adsorbed secondary 
antibody, Alexa Fluor 594 

#A-11012 Invitrogen, Germany 

Keratin 7 (D1E4) rabbit mAb #4465 Cell Signaling 
Technology, Germany 

SARS-CoV/SARS-CoV-2 
nucleocapsid antibody, rabbit 
mAb 

#40143-R001 SinoBiological, 
Germany 

TMPRSS2 rabbit, polyclonal 
antibody 

#14437-1-AP Proteintech, Germany 

Vimentin monoclonal antibody, 
mouse 

#60330-1-Ig Proteintech, Germany 

ZO-1 polyclonal antibody #61-7300 Invitrogen, Germany 

³-catenin monoclonal antibody 
(E-5) 

#sc-7963 Santa Cruz 
Biotechnology, 
Germany 
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Table 2-5: List of Primers, in Alphabetical Order 

Gene Forward Primer Reverse Primer 

ACTB 59-ATGGAGAAAATCTGGCACCAC-39 

59-

TTGAAGGTCTCAAACATGATCTGG

-39 

CCL20 59-TGTGCGTCTCCTCAGTAAAAA-39 59-ACAAGTCCAGTGAGGCACAA-39 

CD38 59-AGCACTTTTGGGAGTGTGGAA-39 
59-

GATCCTGGCATAAGTCTCTGGA-39 

HSD11B1 52-AGCAAGTTTGCTTTGGATGG-32 52-AGAGCTCCCCCTTTGATGAT-32 

IGFBP1 59-CGAAGGCTCTCCATGTCACCA-39 

59-

TGTCTCCTGTGCCTTGGCTAAAC-

39 

IL1RL1 59-TCCAAAATTTATTGTCCTACCAT-39 

59-

GATCCTTGAAGAGCCTGACAATT-

39 

LCN2 59-CACCTCCGTCCTGTTTAGGAAA-39 59-TGCTGGTTGTAGTTGGTGCT-39 

LEFTY1 59-TGGACAAATGCTCTGTGCTCT-39 
59-TCCAGTGGCCAAAGATTCTCA-

39 

NR4A3 59-GCAAGATACCCTCCAGATATGC-39 59-TTGGTGTAGTCGGGGTTCAT-39 

PRL 

59-

AAGCTGTAGAGATTGAGGAGCAAAC

-39 

59-

TCAGGATGAACCTGGCTGACTA-39 

VTCN1 
59-GCAGATCCTCTTCTGGAGCATAA-

39 
59-AGTGCAGCTCAGGATTCCAT-39 
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Table 2-6: List of Machines, in Alphabetical Order 

Item Catalog number Company 

Electrophoresis power supply #E831 Consort, Belgium 

EVOS M7000 #AMF7000 Invitrogen, Germany 

iBright CL1000 #A32749 Invitrogen, Germany 

Incubator #9040-0012 Binder, Germany 

QuantStudio 3 PCR system  ThermoFisher 
Scientific, Germany 

Soluva Pro UV disinfection 
chamber 

 Heraeus, Germany 

T100 thermal cycler #621BR57740 Bio-Rad, Germany 

TC20 automated cell counter #1450102 Bio-Rad, Germany 

Tilt/roller mixer RS-TR 05 #XK30.1 Carl Roth, Germany 

Varioklav autoclave #23330902 H+P Labortechnik, 
Germany 

Varioskan LUX multimode 
microplate reader 

#VLBL0TD2 Thermofisher Scientific, 
Germany 

Vortex mixer #K550GE Bender & Hobein, 
Switzerland 

 

Table 2-7: List of Software, in Alphabetical Order 

Item Company 

BioRender BioRender, Canada 

Excel 16.51 Microsoft Corporation, USA 

FIJI 2.1.0 Open source 

FlowJo v10.8 Becton, Dickinson & Company, USA 

Metascape.org Open access (Zhou et al., 2019b) 

GraphPad Prism 9 GraphPad Software, USA 

SkanIt Thermofisher Scientific, Germany 
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2.2 Methods 

2.2.1 2D Cell Culture 

The benign human endometrial stromal cells (HESC) and the Ishikawa cell line 

(ISK, a well-differentiated endometrial carcinoma cell line) were cultured in 

medium consisting of Dulbecco9s modified eagle medium/Nutrient mixture F-12 

(DMEM/F-12) supplemented with 10% dextran coated charcoal stripped fetal 

bovine serum (DCC-FBS), 1% L-glutamine and 1% antibiotic/antimycotic 

solution. The cells were maintained in an incubator at 37 C with a humidified 

atmosphere of 5% CO2. 

Upon reaching 80% confluency, the cells were passaged by removing the old 

medium and detaching the cells using 0.25% trypsin-EDTA. After incubating for 

3 min, the suspension was diluted with DMEM/F12 medium. The mixture was 

transferred to a centrifuge tube and centrifuged at 171 ´ g for 3 minutes. After 

discarding the supernatant, the cell pellet was resuspended in DMEM/F12 

medium. 10 l of the cell suspension was mixed with 10 l of Trypan blue. Of 

this mixture, 10 l was added to a counting slide and cell counting was carried 

out using the TC20 cell counter. The amount of cell suspension required for the 

specific experiment was added to a new cell culture flask containing fresh 

medium. 

 

2.2.2 Culturing Endometrial Spheroids in Agarose-Coated Microplates 

Based on descriptions of the liquid-overlay method for spheroid culture 

(Friedrich et al., 2009, Li et al., 2011a, Kyffin et al., 2019), the following protocol 

was optimized for endometrial spheroids. 

To produce agarose-coated 48- and 96-well plates, a 1% (w/v) agarose gel 

solution was prepared in a glass bottle using distilled water. After autoclaving, 

the agarose gel was used immediately or stored at room temperature and 

microwaved before use. The following steps took place in a sterile environment. 

The glass bottle containing the agarose gel was put on a heating plate set at 

100 C and constantly stirred with a magnet to prevent solidification. Cut pipette 
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tips were used to add 50 l or 150 l of agarose gel to each well of a 96-well 

plate or 48-well plate, respectively. The pipette tips were replaced when solid 

gel droplets formed inside. During the pipetting process, the microplate was 

tapped intermittently to ensure even distribution. The low-attachment well plates 

were then used after 5 min or stored in a plastic bag for later usage. 

During the optimization process, various cell numbers (ranging from 150 to 

6000 cells per cell type and spheroid) and ratios (1:10 to 2:1) of HESC and ISK 

were used. ISK were seeded either with HESC or the day after. 

In the optimized protocol, which was used to generate spheroids for all 

experiments after 3.2, a cell suspension containing 60 000 HESC and 30 000 

ISK cells per ml was prepared in 5% DCC-FBS medium containing 1% L-

glutamine and 1% antibiotic/antimycotic solution. 100 l of the suspension was 

added to each well of a 96-well plate. The spheroids were cultured in an 

incubator at 37 C with a humidified atmosphere of 5% CO2. After 2 days, 

another 100 l of medium was added to each well. To maintain the spheroids, 

100 l of medium was changed every 2 to 3 days. 

 

2.2.3 Imaging and Growth Monitoring of Endometrial Spheroids 

Immediately after starting the endometrial spheroid culture and over the course 

of 11 days, phase-contrast images were captured using the EVOS M7000 with 

a magnification of 4x and 10x. 

The area of the spheroids was measured using the FIJI software. Based on the 

obtained values, the diameter and volume of the spheroids were calculated on 

the assumption that the image of a spheroid approximates a circle and the 

spheroid approximates a sphere. 

The area A of a circle of radius r is: 

� = ��  
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The diameter d was calculated from the Area A as: 

� = 2� = 2 �� 
The volume V of a sphere is: 

� = 43�� = 43� ��  

The results for spheroid diameter and volume are presented as arithmetic mean 

and standard error of the mean (SEM). 

 

2.2.4 Viability Assay for Endometrial Spheroids 

For the viability assay, the LIVE/DEAD Viability/Cytotoxicity Kit for mammalian 

cells was used and the protocol of the manufacturer was followed. Spheroids 

were removed from their original wells with 100 l of medium and added to a 

new 96-well plate. For the dead control, spheroids were incubated with 100 l of 

DMSO or 100% ethanol per well for 1 h at room temperature. Afterwards, 100 l 

of medium with DMSO or ethanol was removed from the dead controls and 

100 l of Dulbecco9s Phosphate Buffered Saline (PBS) was used for washing of 

all the wells. The LIVE/DEAD assay reagents were removed from the freezer 

and thawed. A dilution of 2 M of calcein-AM and 8 M of ethidium-homodimer-

1 per ml was prepared in PBS. 100 ¿l of combined LIVE/DEAD assay reagents 

were added to each well and the spheroids were incubated for 45 min in the 

dark at room temperature. Finally, the reagents were removed and the 

spheroids were washed with 100 µl of PBS. The labeled spheroids were imaged 

with the EVOS M7000 at a magnification of 10x. 

 

2.2.5 Endometrial Organoids Culture 

Organoid lines as well as the following protocol were kindly provided by Dr. 

André Koch (Brucker et al., 2022). The organoids were derived from primary 
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stem cells obtained from tissue biopsies of healthy premenopausal subjects of 

University Women9s Hospital Tübingen. All tissue biopsies were obtained with 

informed written consent. The study was conducted according to the guidelines 

of the Declaration of Helsinki, was approved by the Ethics Committee of the 

Eberhard Karls University of Tübingen (Ethical approval 01/2022BO2) and is 

compliant with all relevant ethical regulations regarding research involving 

human participants. 

Frozen organoid lines were thawed and 2 ml of Advanced DMEM/F-12 

containing 10 mM HEPES, 1% GlutaMAX and 1% antibiotic/antimycotic solution 

was added. The cell suspension was centrifuged at 385 ´ g for 5 min. The 

supernatant was removed and the amount of cell suspension was measured 

with a pipette. The required amount of Advanced DMEM/F-12 was added for a 

final volume of 60 l. This cell suspension was transferred to a separate 

microcentrifuge tube on ice and 70 l of basement membrane extract (BME) 

was added. In a 48-well plate, 20 l of the solution was slowly pipetted into the 

middle of five central wells. After 1 min, the plate was inverted and put into the 

incubator for 30 min to form BME domes. The well plate was flipped back and 

300 l of pre-heated endometrial organoid medium (for composition see 

Supplementary Table 8-1) was added to the wells containing BME domes. To 

the surrounding wells, 500 l of PBS was added. The endometrial organoid 

cultures were maintained in a humidified atmosphere at 37 C with 5% CO2 and 

medium was changed every 3 days. Pictures were taken over 9 days with the 

EVOS M7000 using the tile-stitching technique. 

 

2.2.6 Apical Out Assay of Endometrial Organoids 

Based on the method described by Co et al. (2019), the following protocol was 

developed and optimized. 

Endometrial organoids were cultured until 80% confluency. Endometrial 

organoids medium was discarded and 500 l of PBS was added to each well. 

The BME domes were gently scraped off using a pipette tip and the suspension 
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was transferred to a centrifuge tube. After centrifuging at 385 ´ g for 5 min, the 

supernatant was discarded. 2 ml of organoid harvesting solution was added to 

the tube and pipetted up and down ten times. The tube was put on ice and on a 

shaker for 1 h. After incubation, the suspension was diluted using 3 ml of PBS 

and centrifuged at 385 ´ g for 5 min. The supernatant was removed and the 

pellet was resuspended in endometrial organoid medium (500 l per number of 

original wells). 500 l of the suspension was transferred into each well of an 

agarose-coated 48-well plate (prepared according to the method described in 

2.2.2). To the surrounding wells, 500 l of PBS was added. The apical out 

endometrial organoid cultures were maintained in a humidified atmosphere with 

5% CO2 and at 37 C. Medium was changed every 3 days. Phase-contrast 

images were taken with the EVOS M7000 at a magnification of 10x and 20x. 

 

2.2.7 Immunostaining of Apical Out and Basal Out Endometrial 

Organoids 

For immunostaining of whole organoids, apical out endometrial organoids were 

cultured in suspension for 6 days prior to collection in microcentrifuge tubes. 

After centrifuging at 96 ´ g for 3 min, the supernatant was discarded. Basal out 

organoids were cultured embedded in BME on chamber slides for 10 days 

before medium removal. The following steps were the same for apical out and 

basal out organoids. The organoids were washed with 500 l of PBS, fixed with 

1 ml of 4% PFA in PBS for 30 min at room temperature and washed twice with 

500 l. Blocking was carried out with 1 ml of PBST (0.1% Triton X-100) and 3% 

BSA at 4°C overnight, followed by two washes with PBST. The organoids were 

incubated with primary antibodies (ZO-1 and ³-catenin, both 1:100) in 500 l 

PBST for 24 h at 4°C (apical out) or 1 h at room temperature (basal out) on a 

shaker. After three 10 min washes in PBST, the organoids were incubated with 

secondary antibodies (Alexa Fluor 488 anti-rabbit and Alexa Fluor 594 anti-

mouse, both 1:500) in 200 l of PBST for 1 h at room temperature on a shaker 

and washed three times for 10 min in PBST. The organoids were mounted on 

glass slides using ProLong Gold Antifade mountant with DAPI, covered with 
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cover slips, sealed with nail polish and left to dry overnight in the dark. Z-stacks 

were captured using the EVOS M7000 at a magnification of 10x and 20x. 

For immunostaining of organoid sections after paraffin-embedding, apical out 

organoids were collected in centrifuge tubes and centrifuged at 385 ´ g for 

5 min before discarding the supernatant. To prepare the basal out organoids, 

medium was removed and the BME domes were washed with 1 ml of PBS in 

the 48-well cell culture plate. 250 l of collagenase/dispase (1 mg/ml) was 

added to each well and the BME domes were scraped off with a pipette tip. 

After incubating for 15 min at 37°C, the suspension containing the organoids 

was transferred into a centrifuge tube filled with PBS. Each well was rinsed with 

1 ml of PBS, which was also added to the tube. Following centrifugation at 

216 ´ g for 5 min, supernatant was removed. The following steps were the 

same for both types of organoids. The samples were fixed with 1 ml of 4% PFA 

in PBS for 30 min at room temperature and washed with 1 ml of PBS for 5 min. 

Following centrifuging at 216 ´ g for 5 min and supernatant removal, 250 l of 

25% ethanol was added. After 10 min, 300 l of 70% ethanol and after another 

10 min 600 l of 96% ethanol were added. The samples were stored at 4°C 

before paraffin embedding and sectioning (4 m, done by Ingrid Teufel). 

Deparaffinization of the sections was carried out by incubating three times in 

xylol for 10 min, twice in 100% ethanol for 3 min, twice in 96% ethanol for 3 min, 

once in 75% ethanol for 3 min, once in 75% ethanol for 5 min and once in 

distilled water for 5 min. Heat-induced antigen retrieval was performed by 

submerging the slides in citrate buffer (pH 6, for composition see 

Supplementary Table 8-2), followed by heating to 93°C in a glass beaker and 

microwaving at 180 W for 10 min. The slides were cooled to room temperature 

by placing the glass beaker on ice. 

For antibody staining, a hydrophobic circle was created on the slides around the 

sections using a PAP pen. Incubations were carried out in the dark with 

sufficient amount of the following reagents to fully cover the sections. Sections 

were washed with PBS-T (0.1% Tween in PBS) for 5 min and permeabilized 

with 0.2% Triton X-100 in PBS for 3 min. After washing three times with PBS-T 
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for 5 min, the samples were blocked with 4% BSA in PBS-T for 30 min. The 

slides were incubated with primary antibodies (ZO-1 and ³-catenin, both 1:100) 

in PBS-T containing 4% BSA for 1 h. Three washing steps with PBS-T for 5 min 

were performed. Incubation with secondary antibodies (Alexa Fluor 488 anti-

rabbit and Alexa Fluor 594 anti-mouse, both 1:500) was carried out for 1 h. 

Following three washes with PBS-T for 5 min, the samples were mounted using 

ProLong Gold Antifade mountant with DAPI, covered with cover slips and 

sealed with nail polish. After drying overnight, the slides were imaged using the 

EVOS M7000 at a magnification of 10x and 20x. 

 

2.2.8 Decidualization Treatment 

Decidualization treatment was carried out according to the protocol described 

by Brosens et al. (1999), which was modified for endometrial spheroids and 

organoids. All incubation steps were carried out in an incubator providing a 

humidified atmosphere of 5% CO2 and at 37 C. 

HESC and ISK were cultured until reaching 80% confluency as described in 

2.2.1 before being split into 6-well plates at a concentration of 1 × 105 cells per 

ml and 1 ml per well. The cells were cultured in a monolayer for 2 days in 10% 

DCC-FBS DMEM/F12 medium containing 1% L-glutamine and 1% 

antibiotic/antimycotic solution prior to treatment. Afterwards, medium was 

replaced with 2% DCC-FBS DMEM/F12 medium, which contained 1 µM 

medroxyprogesterone 17-acetate (MPA) and 0.5 mM 8-bromo-cAMP for the 

treatment group. Medium was changed every 48 h for 6 days, after which the 

cells were used for downstream experiments. 

Spheroids were cultured for 2 days in a 96-well plate and using 5% DCC-FBS 

DMEM/F12 medium containing 1% L-glutamine and 1% antibiotic/antimycotic 

solution medium as described in 2.2.2. For the first treatment, a solution of 2 µM 

MPA and 1 mM 8-bromo-cAMP in 2% DCC-FBS medium was prepared. 100 µl 

of medium was removed from each well and 100 µl of treatment medium was 

added. For the control group, 100 µl of 2% DCC-FBS medium was added. 

Treatment was repeated every 48 h with 1 µM MPA and 0.5 mM 8-bromo-cAMP 
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in 2% DCC-FBS medium. After 6 days, the spheroids were prepared for protein 

or RNA extraction. 

Treatment of basal out endometrial organoids grown to 80% confluency as 

detailed in 2.2.5 was similar to that of 2D cells except for the usage of 

endometrial organoids medium instead of 2% DCC-FBS DMEM/F12 medium. 

Apical out organoids were treated in the same way as the spheroids except for 

using endometrial organoids medium in place of 5% DCC-FBS DMEM/F12 

medium. 

 

2.2.9 Infection of 2D Cells, Endometrial Spheroids and Endometrial 

Organoids with SARS-CoV-2 

Monolayer HESC and ISK as well as endometrial spheroids were cultured for a 

total of 7 days and decidualization treatment was performed for 5 days prior to 

infection. Basal out endometrial organoids were cultured until 80% confluent 

followed by 5 days of decidualization treatment before infection. Apical out 

assay was performed on endometrial organoids cultured to 80% confluency, 

after which the organoids were cultured in suspension for 2 days prior to 5 days 

of decidualization treatment and infection. 

All experiments involving SARS-CoV-2 viruses were conducted by Dr. Natalia 
Ruetalo-Buschinger in a Biosafety level 3 laboratory. Incubation was carried out 

in a humidified atmosphere with 5% CO2 and at 37 C. 

On the day of infection, medium was removed from monolayer cells and 

replaced with 2% DCC-FBS medium with or without 0.5 mM 8-bromo-cAMP and 

1 µM MPA containing icSARS-CoV-2-mNG (mNG), a recombinant SARS-CoV-2 

expressing mNeonGreen, at a multiplicity of infection (MOI) of 10 or with 

wildtype SARS-CoV-2 B.1 (WT, MOI = 40), respectively. Infection was 

monitored through fluorescence microscopy for 48 h. Protein was extracted 

after 48 h or 72 h. Infected CACO-2 lysate was used as positive control. 

For the infection of endometrial spheroids, half of the medium (100 l) was 

replaced with 5% DCC-FBS medium with or without 0.5 mM 8-bromo-cAMP and 
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1 µM MPA containing SARS-CoV-2 B.1.617.2 (Delta, 648 267 898 IU/ml, diluted 

1:20). After 24 h and 48 h, 10 l of supernatant was collected per well totaling 

120 l per sample (12 spheroid wells per sample). 48 h post-infection, 

spheroids were collected for downstream experiments (12 spheroids per 

sample). 

Basal out endometrial organoids were infected by complete medium removal 

and incubating with SARS-CoV-2 B.1 (WT, 200 930 034 IU/ml, diluted 1:100) in 

endometrial organoids medium with or without 0.5 mM 8-bromo-cAMP and 

1 µM MPA for 48 h. For apical out endometrial organoids, half of the medium 

(100 l) was replaced by endometrial organoids medium with or without 0.5 mM 

8-bromo-cAMP and 1 µM MPA containing SARS-CoV-2 B.1.617.2 (Delta, 
648 267 898 IU/ml, diluted 1:100) for 72 h. 

Remaining viral particles were neutralized through Laemmli buffer (for protein 

extraction, see 2.2.13), lysis buffer (for RNA extraction, see 2.2.11 and 2.2.12), 

PFA (for immunostaining, see 2.2.10) or UV-radiation (for cytokine 

measurement, see 2.2.14) and samples were further processed in an S2 

biosafety laboratory. 

 

2.2.10 Immunostaining of Endometrial Spheroids 

The protocol of Weiswald et al. (2010) was followed with modifications. For 

staining of vimentin and cytokeratin 7, spheroids were cultured for 7 days prior 

to collection. For staining of ACE2 and SARS-CoV-2 nucleocapsid protein, 

spheroids were cultured, treated and infected as described in 2.2.9. 

The spheroids were collected in centrifugation tubes using pipette tips which 

were first coated in PBS to prevent the spheroids from sticking to the wall. The 

spheroids were centrifuged at 96 ´ g for 5 min and the supernatant was 

discarded. The pellet was resuspended in 1 ml of PBS and centrifuged again at 

96 ´ g for 3 min. The supernatant was removed and the spheroids were 

incubated in 200 l of PBS with 4% paraformaldehyde (PFA) and 1% Triton X-

100 for 3 h at 4 C. The spheroids were washed three times in 500 l of PBS for 
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10 min and left in PBS overnight. The spheroids were dehydrated using 500 l 

of increasing concentrations of methanol in PBS (25%, 50%, 75% and 95%) for 

30 min each in 4 C. To each tube, 500 l of 100% methanol was added and the 

spheroids were incubated at 4 C for 5 h. The spheroids were rehydrated with 

500 l of descending concentrations of methanol in PBS (95%, 75%, 50% and 

25%) for 30 min each in 4°C. After washing for three times in PBS for 10 min, 

the spheroids were blocked with 500 l of PBST (0.1% Triton X-100 in PBS) 

containing 3% bovine serum albumin (BSA) at 4°C overnight. The next day, the 

spheroids were washed twice with 500 µl of PBST for 15 min and incubated 

with 200 µl of primary antibodies against cytokeratin 7 (rabbit anti-human, 

1:100) and vimentin (mouse anti-human, 1:50) or SARS-CoV-2 nucleocapsid 

(rabbit anti-SARS-CoV/SARS-CoV-2, 1:100), respectively, diluted in PBST for 

48 h on a rotator at 4°C. Afterwards, the spheroids were washed four times for 

30 min in 500 µl of PBST and incubated with 200 l of secondary antibodies 

(Alexa Fluor 488 anti-rabbit (1:300) and Alexa Fluor 594 anti-mouse (1:400) or 

Alexa Fluor 594 anti-rabbit (1:400), respectively) for 24 h at 4°C and wrapped in 

aluminum foil. 

To detect ACE2 in infected endometrial spheroids, sequential staining was 

performed by washing three times for 15 min in PBST, followed by 48 h 

incubation with primary antibody against ACE2 (200 l, 10:100), 24 h incubation 

with secondary antibody (Alexa Fluor 488 anti-rabbit, 1:400) and washing steps 

in between. After washing the spheroids three times for 15 min in PBST, 400 µl 

of DAPI (1:500) was added for 1 h at room temperature to the spheroids stained 

for cytokeratin 7 and vimentin. 

The spheroids were washed once in PBST for 15 min and the supernatant was 

discarded. The spheroids were dissolved in a small amount of PBS and 

carefully dotted on a glass slide. A pipette was used to remove excess fluid and 

the slides were left to dry for 10 min. The spheroids were mounted using 90% 

glycerol (v/v) and covered with cover slips. The corners were sealed using nail 

polish. The slides were viewed and Z-stacks were captured using the EVOS 

M7000 at a magnification of 10x and 20x. 
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2.2.11 RNA Extraction, cDNA Synthesis and qPCR 

The RNeasy Mini Kit was used for RNA extraction according to the 

manufacturer9s protocol with slight modifications. 

For HESC and ISK cells cultured in a monolayer, medium was removed and 

wells were briefly washed with PBS. 350 l of Buffer RLT containing 1% ³-

mercaptoethanol was added to each well and cell scrapers were used. The 

lysates were collected with a pipette and transferred into Eppendorf tubes. The 

subsequent steps were identical to the method used for spheroids. 

Spheroids in two rows were carefully removed from the wells and added to an 

Eppendorf tube. Each tube contained one sample consisting of 24 spheroids. 

After centrifuging at 865 ´ g for 1 min, the supernatant was discarded and 

300 l of PBS was added to each sample. This washing step was repeated 

once. For lysis, 350 l of Buffer RLT containing 1% ³-mercaptoethanol was 

added to each tube. 

The samples were vortexed for 1 min, 350 l of 70% ethanol in RNase-free 

water was added to each tube and the homogenate was mixed by pipetting up 

and down. Each sample was transferred to a spin column in a 2 ml collection 

tube and centrifuged at 17 000 ´ g for 1 min at room temperature. The flow-

through was discarded, the spin cartridge was reinserted into the collection tube 

and 700 l of Buffer RW1 was added. The tubes were centrifuged again at 

17 000 ´ g for 1 min and the flow through was disposed of. 500 l of Buffer RPE 

containing ethanol was added and the tubes were centrifuged at 17 000 ´ g for 

1 min. This wash step was repeated once. The collection tube was replaced 

with a fresh one and the samples were centrifuged at 17 000 ´ g for 1 min. The 

spin column was placed into a 1.5 ml collection tube and 30 l of RNase-free 

water was added to the center of the column. After incubating for 1 min at room 

temperature, the tubes were centrifuged at 17 000 ´ g for 2 min. The eluted 

RNA in the collection tube was stored on ice and the spin column was 

discarded. 
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Immediately after extraction, the RNA concentration was measured using a 

¿Drop plate and following the user manual. After cleaning the low-volume area, 

1 l of sterile-filtered water or sample was added to the blank or sample 

positions. Absorbance measurement was performed with the Varioskan LUX 

and the SkanIt Software. The samples were only further processed, if the ratio 

of absorbances at 260 nm and 280 nm after blank subtraction (A260/A280) was 

above 1.8, indicating low protein contamination of the RNA. RNA concentration 

was calculated using the Beer Lambert Law (A260 of 1.0 is equivalent to 40 

µg/mL of RNA). 

For cDNA synthesis, the Maxima H Minus cDNA Synthesis Master Mix was 

used. All reagents were thawed and stored on ice. To a tube on ice, 1 l of 10X 

dsDNase Buffer and 1 l of dsDNase were added. The required amount of RNA 

solution for 1 g of template RNA was calculated and nuclease-free water was 

added for a total volume of 10 l per tube. The tubes were briefly centrifuged 

and incubated at 37°C for 2 min in a thermal cycler. The samples were put on 

ice and 4 l of Maxima cDNA H Minus Synthesis Master Mix (5X) as well as 6 l 

of nuclease-free water were added to each tube. After briefly centrifuging, the 

tubes were incubated at 25°C for 10 min, then at 50°C for 15 min and finally at 

85°C for 5 min in a thermal cycler. The obtained cDNA was diluted with 80 l of 

nuclease-free water and stored on ice. 

For qPCR, all required reagents were placed on ice. Forward and reverse 

primer solutions were diluted separately with sterile-filtered water for a 

concentration of 10 M each. For each target gene, a master mix was prepared 

containing 5 l Powerup SYBR Green Master Mix, 0.8 l of forward and 0.8 l 

of reverse primers and 2.4 l of sterile-filtered water multiplied with the number 

of required reactions. The master mix was briefly vortexed. A 96-well reaction 

plate was placed on ice and 9 l of the master mix was added to the respective 

wells. The samples were run in triplicates and 1 l of cDNA sample was added 

to each respective well. For every target gene, non-template controls were run 

in duplicates, for which 1 l of sterile-filtered water was added. The reaction 

plate was sealed with an adhesive cover and centrifuged at 171 ´ g for 1 min. 
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The qPCR was carried out using the QuantStudio 3 system with an initial 

denaturation step (20 s at 95°C), followed by 40 cycles of denaturation (1 s at 

95°C), annealing (20 s at 60°C) and extension (10 s at 72°C). Relative gene 

expression was calculated using the 2-��Ct method, normalizing to the 

expression of the reference gene and the non-decidualized and/or non-infected 

control sample. The value of the control group was set at 1.0. 

 

2.2.12 RNA Extraction and RNA Sequencing after Infection 

A total of five spheroid samples were collected. The PureLink RNA Mini Kit was 

used for RNA extraction following the manufacturer9s manual with slight 

modifications. Briefly, the samples were placed on ice and 300 l of Lysis Buffer 

containing 1% 2-mercaptoethanol was added to each tube. The samples were 

briefly vortexed and centrifuged at 17 000 ´ g for 2 min. 300 l of 70% ethanol in 

RNase-free water was added to each tube and the homogenate was briefly 

vortexed. Each sample was transferred to a spin cartridge in a collection tube. 

After centrifuging at 17 000 ´ g for 15 s at room temperature, the flow-through 

was discarded. The spin cartridge was reinserted into the collection tube and 

700 l of Wash Buffer I was added. The tubes were centrifuged again at 

17 000 ´ g for 15 s and the flow through was removed. Another 700 l of Wash 

Buffer I was added and after centrifuging at 17 000 ´ g for 15 s, the collection 

tube was replaced with a new tube. To the spin cartridge, 500 l of Wash Buffer 

II containing ethanol was added and the tubes were centrifuged at 17000 ´ g for 

15 s. The flow-through was discarded and this washing step was repeated 

once. Afterwards, the samples were centrifuged at 17 000 ´ g for 2 min and the 

collection tube was replaced by a recovery tube. 30 l of RNase-free water was 

pipetted into the center of the spin cartridge and the tubes were incubated for 

1 min at room temperature. The tubes were centrifuged at 17 000 ´ g for 2 min 

to collect the purified RNA in the collection tube. The spin cartridge was 

discarded and the eluates were stored on ice. 
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RNA concentration was measured using a ¿Drop plate as described in 2.2.11 

and RNA quality was assessed with Agilent 2100 Bioanalyzer. The three 

samples with the best quality were selected for further processing. The following 

steps were performed at the Institute for Medical Genetics and Applied 

Genomics. 

RNA sequencing (RNA-seq) libraries were generated using the NEBNext 

Ultra II Directional RNA Library Prep Kit for Illumina, with 100 ng of RNA utilized 

for each library. The library preparation protocol followed the manufacturer's 

instructions and involved poly(A) selection to enrich for mRNA transcripts. The 

Illumina NovaSeq 6000 platform was employed for sequencing in paired-end 

mode with a read length of 50 bp and an approximate depth of 70 million 

clusters per library. To minimize technical batch effects, library preparation and 

sequencing procedures were performed by the same individual. The quality of 

raw RNA-seq data in FASTQ files was assessed using ReadQC (ngs-bits 

version 2018_06) to identify potential sequencing cycles with low average 

quality and base distribution bias. Subsequently, reads were pre-processed 

using skewer (version 0.2.2) and aligned to the human reference genome 

(GRCh37) with STAR (version 2.5.4a), allowing spliced read alignment. 

Alignment quality was further evaluated using MappingQC (ngs-bits version 

2018_06) and visually inspected using the Broad Integrative Genome Viewer 

(IGV, version 2.3.1). For gene-level quantification, read counts were obtained 

using subread (version 1.6.0) and the Ensembl genome annotation (GRCh37 

v75). 

For the differential gene expression (DGE) analysis, raw gene read counts were 

filtered to retain genes with at least 1 count per million (cpm) in at least three 

samples. This filtering step resulted in more than 15 000 genes being 

considered for determining differential expression in the pair-wise comparisons 

between experimental groups. The analysis was conducted by Miguel 

Camarena-Sainz using edgeR (version 3.22.3), which employs a statistical 

framework based on negative binomial distributions and gene-wise testing 

through generalized linear models. 
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2.2.13 Protein Extraction, Gel Electrophoresis and Western Blot 

For protein extraction, Laemmli buffer (see Supplementary Table 8-3) was 

used. The following steps were carried out on ice and the protein samples were 

stored at -20°C until usage. 

Medium was removed from cells cultured in a monolayer and ice-cold PBS was 

used for a brief wash. 120 µl of Laemmli buffer 1X heated at 95°C was added to 

each well and the bottom was scraped using a cell scraper. The samples were 

transferred to Eppendorf tubes, vortexed and boiled at 95°C for 5 min. 

For basal out organoids, medium was removed, the BME domes were washed 

with ice-cold PBS and 240 µl of Laemmli buffer 1X heated at 95°C was added 

to each well. A cell scraper was used and the lysate was transferred to 

Eppendorf tubes, vortexed and boiled at 95°C for 5 min. For apical out 

organoids, the medium containing organoids was transferred to Eppendorf 

tubes and centrifuged at 500 ´ g for 5 min. The supernatant was discarded and 

the pellet was washed with 500 l of ice-cold PBS, followed by another 

centrifugation step. The PBS was removed and 120 l of Laemmli buffer 1X 

heated to 95°C was added to each tube. After vortexing, the lysate was boiled 

at 95°C for 5 min. 

The spheroids of one row of a 96-well plate were collected in an Eppendorf tube 

resulting in 12 spheroids per sample. The tubes were centrifuged at 500 ´ g for 

5 min at 4°C. As much of the supernatant as possible was discarded while 

avoiding the cell pellet. To each tube, 500 l of ice-cold PBS was added and the 

tubes were centrifuged again at 500 ´ g for 5 min at 4°C. The PBS was 

removed and 120 l of Laemmli buffer 1X heated to 95°C was added to each 

tube. The mixture was briefly vortexed and boiled at 95°C for 5 min. The 

samples were stored at -20°C until usage. 

To perform gel electrophoresis, hand-casted 10% SDS-polyacrylamide gels with 

10-well combs were used (see Supplementary Table 8-4 for details). The wells 

were loaded with 10 l of protein ladder and 20 l (spheroids and organoids) or 

15 l (2D cells) of each sample, respectively. The electrophoresis chambers 



 51 

were filled with 1X electrophoresis buffer (diluted from ROTIPHORESE 10x 

SDS-PAGE) and electrophoresis was initiated at 80 V for 30 min, followed by 

125 V for 90 min. 

In preparation of the wet transfer, sponges and filter paper were soaked in wet 

transfer buffer. The gel was removed from the cassettes and a PVDF 

membrane, activated in methanol, was placed on it. The gel and membrane 

were sandwiched between filter paper and sponges on both sides. After 

arranging the blot module and removing air bubbles with a roller, the tank was 

filled with transfer buffer. The transfer was carried out on ice at 25 V for 90 min. 

Following transfer, the membrane was placed in a Falcon tube and blocked with 

10 ml of 5% milk in TBST (for composition see Supplementary Table 8-5) on a 

horizontal roller at room temperature for 1 h. The membrane was washed twice 

in 10 ml of TBST for 5 min. After removal of TBST, the membrane was 

incubated with 10 ml of primary antibody solution (ACE2 1:700 and TMPRSS2 

1:1000 or SARS-CoV-2 nucleocapsid protein 1:1000 in 3% milk in TBST, 

respectively) on a horizontal roller at 4°C overnight. The following day, the 

membrane was washed quickly in 10 ml of TBST and then three times for 

10 min. Afterwards, secondary antibodies (HRP-linked anti-Rabbit IgG, 1:2000 

in 3% milk in TBST) were added for 1 h at room temperature. Post incubation, 

the membrane was washed quickly in 10 ml of TBST and then three times for 

10 min. 

For detection, the membrane was placed onto a plastic film and a mixture of 

500 µl of each ECL reagent was distributed evenly on the membrane. After 

1 min of incubation, a second plastic film was used to cover the membrane and 

excess solution was removed with a roller. The bands were detected with 

iBright CL1000. 

Subsequently, the membrane was washed twice in 10 ml of TBST for 10 min 

and incubated with primary GAPDH antibodies (1:2000 in 3% milk in TBST) on 

a horizontal roller at 4°C overnight. The washing procedure, incubation with 

secondary antibodies and detection of bands were performed as described 

above. Protein quantity was analyzed by band signal intensity using FIJI. 
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Relative protein quantity was compared to the non-decidualized and/or non-

infected control group, for which the value was set at 1.0. 

 

2.2.14 Cytokine Quantification through Flow Cytometry 

To inactivate viral particles in the supernatant samples collected during the 

infection experiments, the samples were thawed and exposed to UV-C light 

(254 nm) in a UV disinfection chamber for 10 min. This inactivation was kindly 

performed by Mirjam Hohner. The samples were stored on ice and further 

processed in an S2-lab. 

The LEGENDplex Human Inflammation Panel 1 (13-plex) with V-bottom Plate 

was used to prepare the samples for cytokine quantification through flow 

cytometry according to the manufacturer9s protocol. All reagents were warmed 

to room temperature prior to use and all incubation steps were performed in the 

dark by wrapping the plate in aluminum foil and at room temperature. 

Per well of the provided 96-well V-bottom plate, 25 l of assay buffer, 25 l of 

supernatant and 25 l of mixed beads were added. The plate was covered with 

a plate sealer and incubated on a plate shaker for 2 h at 800 rpm. The plate 

was centrifuged at 250 ´ g for 5 min, after which the supernatant was removed 

by a quick inversion and flick of the plate. The bead pellets were washed with 

200 l of 1X wash buffer per well and centrifuged again at 250 ´ g for 5 min 

followed by supernatant removal. To each well, 25 l of detection antibodies 

was added. The plate was sealed and incubated on a plate shaker for 30 min at 

800 rpm. 25 l of SA-PE per well was added and incubation was continued for 

another 30 min. After centrifugation at 250 ´ g for 5 min, supernatant was 

removed and 200 l of 1X wash buffer was dispensed per well. This wash step 

was repeated a second time. Then, the bead pellets were resuspended in 

150 l of 1X wash buffer per well and stored at 4°C in the dark overnight. 

The samples were read on a flow cytometer and the data was processed with 

FlowJo, which was kindly performed by Dr. Yogesh Singh. 
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2.2.15 Statistics 

Statistical analysis was performed using GraphPad Prism software. A Shapiro-

Wilk test and a QQ-plot were used to test whether the data fits normal 

distribution. For the majority of the data, only a small deviation from the normal 

distribution was observed, thus the following statistical hypothesis tests were 

performed. 

Cytokine levels in endometrial spheroids infected with SARS-CoV-2 were 

analyzed with ANOVA followed by a Tukey9s multiple comparisons test. 

For the analysis of the RNA-seq results, the Benjamini-Hochberg method was 

applied to control the false discovery rate (FDR) during multiple testing 

correction in both differential expression and enrichment analysis. Genes 

meeting this criterion were ranked according to their adjusted p-values and log2-

fold change values were used to identify upregulated or downregulated 

transcripts. Genes with an adjusted p-value < 0.05 and a fold change g 1.5 were 

considered significantly differentially expressed. Gene ontology (GO) 

enrichment analysis and pathway annotation were performed using the 

Metascape database (Zhou et al., 2019b). Significantly enriched terms were 

determined based on an adjusted p-value < 0.05. 

All other experiments were tested for statistical significance by performing 

unpaired two-tailed student9s t-tests. Data is presented as arithmetic mean and 

standard error of the mean (SEM). *p < 0.05, **p < 0.01 ***p < 0.001 and 

****p < 0.0001 indicate statistical significance whereas ns means non-

significant. 
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3 Results 

3.1 Decidualization of 2D HESC and ISK cells 

The first set of experiments aimed to investigate the effect of decidualization on 

protein levels of key entry factors for SARS-CoV-2 in endometrial stromal and 

epithelial cells (Figure 3-1). HESC and ISK were seeded in a 6-well plate at a 

concentration of 1 × 105 cells per well and cultured in duplicates in a monolayer. 

The sample size was n = 6 for each cell type. The experimental group was 

treated with 0.5 mM 8-bromo-cAMP and 1 µM MPA in 2% DCC-FBS DMEM 

medium, whereas the control group received fresh medium. Decidualization 

treatment or medium change was repeated every 48 h for 6 days.  

Decidualization markers were examined using qPCR, while protein levels of 

ACE2 and TMPRSS2 were assessed through western blotting. 

 

 
Figure 3-1: Culture and Decidualization Treatment of Monolayer Cells. HESC and ISK cells were 
cultured in cell culture flasks to 80% confluency. Cells were split to 6-well plates 2 days prior to treatment. 
Cells were treated with 0.5 mM 8-bromo-cAMP and 1 µM MPA every 48 h for 6 days. Afterwards, cells 
were collected and prepared for downstream experiments. Created with BioRender.com. 
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3.1.1 Expression of Decidualization Markers in HESC and ISK cells 

Following decidualization treatment, the cells were harvested and RNA isolation 

was performed. Average RNA concentrations were 74.6 ng/µL (± 4.6) and 

360.8 ng/µL (± 24.7) for HESC diluted in a volume of 30 µL and ISK diluted in 

50 µL, respectively. 

After cDNA synthesis, qPCR was performed for decidualization markers PRL, 

IGFBP1 and HSD11B1 with ACTB as the reference gene. The qPCR results 

were analyzed using the 2-��Ct method and the value of the control group was 

set to 1.0. An unpaired two-tailed student9s t-test was performed after testing for 

normality with the Shapiro-Wilk test and a QQ-plot. 

Compared to the control group, PRL was significantly increased 9.8 × 104-fold 

(± 2.6 × 104, p = 0.004) in decidualized HESC (Figure 3-2A). In treated HESC, 

IGFBP1 was significantly increased 6.6 × 104-fold (± 1.8 × 104, p = 0.005) 

compared to non-treated HESC (Figure 3-2B). Similarly, a significant 5.4 × 102-

fold (± 9.9 × 101, p = 0.0003) increase was observed for HSD11B1 following 

decidualization (Figure 3-2C). Thus, all three decidualization markers were 

significantly upregulated in HESC treated with 8-bromo-cAMP and MPA. 

In ISK cells, decidualization treatment significantly lowered the PRL value to 

20% of the control group (p < 0.0001, Figure 3-2A). No significant difference 

between the control and the decidualization group was found for IGFBP1 

(p = 0.271) and HSD11B1 (p = 0.065) mRNA levels (Figure 3-2B, C). 
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Figure 3-2: Decidualization Markers in HESC and ISK Cells. HESC and ISK cells were cultured as 
monolayers and treated with 0.5 mM 8-bromo-cAMP and 1 µM MPA for 6 days. The cells were lysed and 
RNA extraction as well as qPCR were performed. The mRNA amount of PRL (A), IGFBP1 (B) and 
HSD11B1 (C) was normalized to ACTB and compared between decidualized and control groups (n = 6). 
Unpaired student9s t-tests were applied. Data is presented as the arithmetic mean with SEM. **p < 0.01; 
***p < 0.001; ****p < 0.0001; ns, non-significant. 
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3.1.2 Effect of Decidualization on ACE2 and TMPRSS2 levels in 2D HESC 

and ISK cells 

Subsequently, cells were collected for protein isolation using Laemmli buffer. 

Gel electrophoresis and western blot were performed with GAPDH as a loading 

control and human colorectal adenocarcinoma (CACO-2) cells as a positive 

control (Figure 3-3A). Relative protein quantity was compared to the control 

group, for which the value was set to 1.0. An unpaired two-tailed student9s t-test 

was used to test for statistical significance. The full blot is shown in 

Supplementary Figure 8-1. 

Protein levels of ACE2 showed a significant 177.0-fold increase (± 51.9, 

p = 0.007) in decidualized HESC compared to the control group (Figure 3-3B). 

In ISK cells, a 1.3-fold increase (± 0.1, p = 0.033) was observed after 

decidualization treatment. No significant change in TMPRSS2 protein levels 

were found in HESC (p = 0.742) or ISK cells (p = 0.632) compared to the 

control group (Figure 3-3C). 
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Figure 3-3: ACE2 and TMPRSS2 in 2D HESC and ISK Cells. HESC and ISK (n = 6) were cultured in a 
monolayer and treated with 0.5 mM 8-bromo-cAMP and 1 µM MPA for 6 days. The cells were lysed and 
protein was extracted. A western blot was performed (A) with GAPDH as a loading control and CACO-2 
cells as a positive control. Relative expression levels of ACE2 (B) and TMPRSS2 (C) were calculated and 
unpaired student9s t-tests were performed. Data is presented as the arithmetic mean with SEM. *p < 0.05; 
**p < 0.01; ns, non-significant. 
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3.2 Establishment and Optimization of Endometrial Spheroids 

To establish a new three-dimensional cell culture model of the human 

endometrium, a stromal cell type (HESC) and an epithelial cell type (ISK) were 

included. Several variables were optimized, including the well size, cell number, 

ratio of HESC to ISK cells and timepoints of seeding the cell types (Figure 3-4). 

 

 

Figure 3-4: Schematic Plan of the Optimization of Endometrial Spheroids. Endometrial spheroids 
were cultured using the liquid-overlay technique. Different conditions, including well size, timepoint of 
seeding ISK cells, stromal to epithelial cell ratio and cell number, were compared. 

 

HESC and ISK were cultured separately in cell culture flasks until reaching 80% 

confluency. The cells were collected, counted and seeded in agarose-coated 

flat-bottom well plates. Spheroids were created using the liquid-overlay 

technique (Figure 3-5). 
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Figure 3-5: Liquid-Overlay Technique. Agarose gel was added to the wells of a 96-well flat bottom plate 
to create a non-adherent surface. Cells were added in suspension with medium and a spheroid is formed. 
Created with BioRender.com. 

 

Microwell plates with growth areas of 0.32 cm² (96-well plate) and 0.75 cm² (48-

well plate) were used (Figure 3-6A). ISK cells were either seeded together with 

HESC or the day after (Figure 3-6B). Ratios of HESC to ISK varied from 1:1, 

1:2 to 2:1. Different cell numbers were tested for each cell type ranging from 

150 to 6000 cells (Figure 3-6C). The medium was changed every 2 days and 

growth was monitored by phase-contrast imaging at a magnification of 10x. 

Criteria for the optimization of the spheroid model were: 

- Stable and uniform spheroid formation 

- The ratio of stromal to epithelial cells similar to in vivo endometrium 

- Sufficient cell number for downstream experiments 

- Minimal nutrient deficiency or necrosis in the center 

Comparison of different well sizes showed that the large volume in 48-well 

plates hindered the congregation of the cells. The cultures in 96-well plates 

yielded more stable and uniform spheroid formation (Figure 3-6A). 

In an attempt to create spheroids with stromal cells at the core and epithelial 

cells in the periphery, HESC and ISK cells were seeded on sequential days. 

However, when the ISK cells were added later, they did not attach to the 

stromal cells. Instead, two separate cell clusters were formed. This 
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phenomenon was not observed when both cell types were seeded at the same 

time (Figure 3-6B). 

The ratio of the HESC to ISK cells and the cell number had an impact on the 

shape, size and stability of the spheroids. A low proportion of ISK, such as 10:1 

or 6:1 (ratio of HESC to ISK), led to an uneven and irregular spheroid surface. 

Small cell numbers resulted in less stable spheroid formation, comparable to 

the effect seen in larger well volumes (Figure 3-6C). More cells also meant 

more protein or RNA material for downstream experiments. 

Furthermore, spheroids grown in agarose-coated wells were compared with 

those grown in prefabricated ultra-low attachment well plates (Supplementary 

Figure 8-2). No difference was observed in growth and morphology. 

The optimized protocol is described in 2.2.2. 
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Figure 3-6: Optimization of Endometrial Spheroids. HESC and ISK cells were cultured using the liquid 
overlay technique to form endometrial spheroids. Comparison of endometrial spheroids (1500 HESC, 300 
ISK) cultured in 48- and 96-well plates for 3 days (A). Comparison of endometrial spheroids (3000 HESC, 
500 ISK) with ISK cells seeded on day 0 or day 1 (B). Spheroids of various cell numbers after 3 days in 
culture (C). 
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3.3 Characterization of Endometrial Spheroids 

3.3.1 Formation and Growth of Endometrial Spheroids 

To monitor their growth and morphology, endometrial spheroids were cultured 

using the liquid-overlay technique (n = 12). Growth was observed over the 

course of 11 days through phase-contrast microscopy (Figure 3-7). 

Immediately after starting the culture (day 0, 0 h), the cells were single and in 

suspension. After 6 h, most of the cells migrated to the center of the well, 

forming loose clusters of cells. The following day, a spheroid with a diffuse 

shape and uneven surface was formed. A distinct border and a dense core 

were observed after 2 days. The morphology of the spheroid continued to 

change as it grew and after 8 days, the spheroid attained a solid, spherical 

shape, which persisted despite the further increase in size. Additional images 

can be seen in Supplementary Figure 8-3. 
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Figure 3-7: Growth of Endometrial Spheroids. 6000 HESC and 3000 ISK cells were cultured in an 
agarose-coated 96-well plate. Over 11 days, the formation and growth of the endometrial spheroids were 

documented through phase-contrast microscopy. The scale bar for day 0, 6 h is 400 m, for the rest 

200 m. n = 12, images are representative of at least 100 spheroids. 
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The area of the endometrial spheroids (n = 8) was measured for 11 days 

(Figure 3-8A). On day 1, the mean area was 1.55 × 105 ± 6.28 × 103 m2, 

which slightly decreased on day 2 (1.34 × 105 ± 1.32 × 104 m2). Afterwards, 

the area increased continuously reaching 2.35 × 105 ± 2.81 × 104 m2 after 

6 days and 5.45 × 105 ± 3.88 × 104 m2 after 11 days. 

The diameter (Figure 3-8B), an intuitive dimension of 2D images, and the 

volume (Figure 3-8C), which describes 3D growth, were calculated with the 

known mathematical formulas for circles and spheres. On day 6, the mean 

diameter was 540 ± 32 m and the mean volume was 8.86 × 107 

± 1.61 × 107 m3. 

 

Figure 3-8: Growth Curve of Endometrial Spheroids. Endometrial Spheroids (6000 HESC and 
3000 ISK cells) were cultured in an agarose-coated 96-well plate and imaged (n = 8). The area (A) was 
measured for 11 days. Each symbol represents a different spheroid on the respective days. The diameter 
(B) and volume (C) of the spheroids were calculated. Data is presented as the arithmetic mean and SEM. 

 

3.3.2 Viability of Endometrial Spheroids 

To confirm cell viability after spheroid formation and for several days, a viability 

assay was performed. Endometrial spheroids (n = 4) were grown for 2 days and 

stained with the LIVE/DEAD cytotoxicity kit. Some spheroids were treated with 

cytotoxic DMSO or 100% ethanol prior to staining. The same procedure was 

repeated 8 days later. 

Green-fluorescent calcein-AM stained live cells through intracellular esterase 

activity and red-fluorescent ethidium homodimer-1 stained dead cells due to 

loss of plasma membrane integrity (Figure 3-9). On both day 2 and day 10, no 

red fluorescence was observed and the whole spheroids were stained green. 
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After treatment with DMSO or ethanol, however, almost the whole spheroids 

were stained red and only the cells at the center of the spheroids remained 

alive. The dead spheroids also appeared smaller in size. More images can be 

found in Supplementary Figure 8-4. 

 

 
Figure 3-9: Viability Assay of Endometrial Spheroids. After 2 and 10 days in culture, respectively, 
endometrial spheroids were tested for viability using the LIVE/DEAD Viability/Cytotoxicity Kit. Live cells 
were stained with calcein-AM (green) and dead cells were stained with ethidium-homodimer-1 (red). 

Ethanol-treated spheroids were used as dead control. The scale bar is 275 m, n = 4, images are 
representative of at least 12 spheroids per group. 

 

3.3.3 Immunostaining for Epithelial and Stromal Cell Markers in 

Endometrial Spheroids 

To validate the presence of both endometrial stromal and epithelial cells in the 

endometrial spheroids, immunostaining for stromal and epithelial cell markers 

was performed. Endometrial spheroids were cultured for 7 days prior to 

collection and fixation (n = 2). They were then dehydrated and rehydrated, 

blocked and stained with primary antibodies against cytokeratin 7 and vimentin 

as well as counterstained with DAPI. After incubation with the corresponding 
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secondary antibodies, the spheroids were imaged under the fluorescent 

microscope (Figure 3-10). 

Cytokeratin (green) and vimentin (red) were both present in endometrial 

spheroids. Cell nuclei were stained with DAPI (blue). Additional images are 

shown in Supplementary Figure 8-5. 

 

 

Figure 3-10: Immunostaining of Endometrial Spheroids for Epithelial and Stromal Cell Markers. 
After 7 days of culture, endometrial spheroids were fixed and immunostained using antibodies against 
cytokeratin 7 (green), an epithelial cell marker, and vimentin (red), a stromal cell marker. The nuclei were 

counterstained with DAPI (blue). The scale bar is 150 m, n = 2, images are representative of at least 4 
spheroids per group. 

 

3.4 Decidualization of Endometrial Spheroids 

3.4.1 Decidualization Markers in Endometrial Spheroids 

The purpose of the fourth set of experiments was to investigate how 

endometrial spheroids respond to decidualization treatment and whether this 

has an impact on the expression of key entry factors for SARS-CoV-2. 
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Endometrial spheroids (n = 8) were cultured for 2 days prior to treatment with 

5% DCC-FBS medium containing 0.5 mM 8-bromo-cAMP and 1 µM MPA. 

Treatment or medium changes were repeated every 48 h for 6 days, after which 

the spheroids were collected. qPCR was performed and RNA levels of PRL, 

IGFBP1 and HSD11B1 were compared to ACTB as a reference gene (Figure 

3-11). The qPCR results were analyzed using the 2-��Ct method and the value 

of the control group was set to 1.0. After testing for normality, an unpaired two-

tailed student9s t-test was performed. 

No statistically significant difference in PRL expression was observed between 

decidualized endometrial spheroids and the control group (p = 0.107). However, 

decidualized spheroids had a significant 1.7-fold (± 0.2, p = 0.0007) increase in 

IGFBP1 expression. RNA levels of HSD11B1 were 3.0-fold (± 0.8, p = 0.028) 

higher in the treatment group compared to the control group. 

 

 

Figure 3-11: Decidualization Markers in Endometrial Spheroids. Endometrial spheroids (n = 8) were 
cultured for 2 days and treated for 6 days with 0.5 mM 8-bromo-cAMP and 1 µM MPA. RNA was extracted 
and qPCR was performed. RNA levels of PRL, IGFBP1 and HSD11B1 were normalized to ACTB and 
unpaired student9s t-tests were performed. Data is presented as the arithmetic mean and SEM. *p<0.05; 
***p<0.001; ns, non-significant. 

 

3.4.2 Effect of Decidualization on ACE2 and TMPRSS2 Levels in 

Endometrial Spheroids 

After 2 days of culture and 6 days of decidualization treatment, endometrial 

spheroids (n = 5) were collected and lysed. Protein extraction and western blot 

for the detection of ACE2 and TMPRSS2 were performed. (Figure 3-12A). 

GAPDH was used as loading and CACO-2 cells as positive control, 
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respectively. Relative protein quantity was compared to the control group 

(defined as 1.0). 

Only faint bands were visible for ACE2 in both control and decidualized 

samples, which did not allow reliable quantitative analyses and therefore, no 

quantitative data was obtained. TMPRSS2 was detected in both groups, but no 

significant difference was observed in TMPRSS2 protein levels between control 

and decidualized endometrial spheroids after testing for significance with an 

unpaired student9s t-test (p = 0.075) (Figure 3-12B). The full blot is shown in 

Supplementary Figure 8-6. 

 

 

Figure 3-12: ACE2 and TMPRSS2 Levels in Endometrial Spheroids. Endometrial spheroids (n = 5) 
were treated with 0.5 mM 8-bromo-cAMP and 1 µM MPA for 6 days. The cells were lysed and protein was 
extracted. A western blot was performed (A) with GAPDH as a loading control and CACO-2 cells as a 
positive control. Relative expression of TMPRSS2 was calculated and an unpaired student9s t-test was 
performed (B). Data is presented as the arithmetic mean with SEM. ns, non-significant. 

 

3.5 Culture and Growth of Endometrial Organoids 

As an alternative model, already established endometrial organoids were 

cultured and characterized for comparison with endometrial spheroids. The 

organoid lines were derived from primary stem cells obtained from endometrial 

biopsies of the university clinic Tübingen and kindly provided by Dr. André 

Koch. Endometrial organoids were cultured embedded in basement membrane 

extract (BME). Organoid growth was monitored as a stitched overview image of 
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the well (Figure 3-13, upper row) as well as an image of the same position 

(Figure 3-13, lower row) over 9 days (n = 6). 

At the beginning of the organoid culture, single cells were distributed throughout 

the BME. These cells then proliferated and formed cystic, gland-like organoids. 

The separate organoids continued to grow and merged with others in the 

vicinity while still maintaining a single lumen. 

 

 
Figure 3-13: Formation and Growth of Endometrial Organoids. Endometrial organoids were cultured 
embedded in BME in a 48-well plate. Formation and growth were tracked by phase contrast images of an 
overview of the well (upper row) or in higher magnification (lower row). Scale bars are 2 mm (upper row) 

and 200 m (lower row), respectively. n = 6. 

 

3.6 Characterization of Basal Out and Apical Out Endometrial Organoids 

To enable pathogen interaction with the apical side of the endometrial 

organoids, an apical-out assay was performed. To this end, basal out organoids 

cultured in BME were transferred to suspension culture to establish apical out 

polarity (Figure 3-14A). 

For 6 days, organoids were cultured in BME before being removed and 

suspended in medium (n = 5). The organoid suspension was added to 48-well 
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plates coated with agarose gel. Morphology and growth were analyzed with the 

help of phase-contrast microscopy. 

Organoids embedded in BME have a large, clear central lumen as well as a 

smooth outer and inner border (Figure 3-14B). After 3 days in suspension 

culture, organoids were smaller in size, displayed higher density and contained 

a small, dark lumen. 

 

 
Figure 3-14: Comparison of the Morphology of Basal Out and Apical Out Endometrial Organoids. 
Schematic depiction (A) and phase contrast images (B) of endometrial organoids cultured in BME and in 
suspension. Single organoids were imaged after 6 days of culture embedded in BME. After removal from 
BME, organoids were cultured in suspension and change in morphology was observed through phase-
contrast microscopy. n = 5, panel A created with BioRender.com. 

 

To further characterize basal out and apical out endometrial organoids, whole 

organoids (Figure 3-15A) or sections (Figure 3-15B) were stained with 

antibodies targeting Zonula occludens-1 (ZO-1, a tight junction protein, green) 

and ³-catenin (associated with adherens junctions, red). The nuclei were 

counterstained with DAPI (blue). 
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In the apical out organoids, ZO-1 was mainly located towards the outside and ³-

catenin towards the inside of the organoids. This pattern was different from the 

one observed in the basal out organoids. 

 
Figure 3-15: Immunostaining of Apical Out and Basal Out Endometrial Organoids. Endometrial 
organoids were cultured either embedded in BME (basal out) or in suspension (apical out). 
Immunofluorescence for structural proteins (ZO-1 in green and ³-catenin in red) was performed on whole 
organoids (A) or after embedding in paraffin and sectioning (B). Nuclei were counterstained with DAPI 

(blue). Scale bars represent 100 m (A) and 50 m (B), respectively. n = 1, images are representative of 
at least 10 organoids per group. 
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3.7 Expression of ACE2 and TMPRSS2 in Endometrial Organoids 

To assess the suitability of endometrial organoids as a model to study SARS-

CoV-2 infection, protein expression of ACE2 and TMPRSS2 was examined. 

Endometrial organoids (n = 3) were cultured in BME and received 

decidualization treatment for 6 days. Protein extraction and western blot were 

performed (Figure 3-16). GAPDH served as a loading control and CACO-2 as a 

positive control. 

 

 
Figure 3-16: Protein Levels of ACE2 and TMPRSS2 in Endometrial Organoids. Different endometrial 
organoid lines (n = 3) were cultured embedded in BME and treated with 0.5 mM 8-bromo-cAMP and 1 µM 
MPA for 6 days. The organoids were collected and lysed for protein extraction. Western blot was 
performed and the amount of ACE2 and TMPRSS2 was determined through normalization with GAPDH. 
CACO-2 served as a positive control. 

 

No ACE2 was detected in any of the three organoid lines, neither in the control 

nor in the decidualized group. Bands for TMPRSS2 and GAPDH were obtained. 

The full blot is shown in Supplementary Figure 8-7. 
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3.8 Infection of Endometrial Organoids with SARS-CoV-2 

Basal out organoids (n = 1) and apical out organoids (n = 1) were decidualized 

for 5 days prior to infection with SARS-CoV-2. Basal out organoids were 

infected with wildtype SARS-CoV-2 B.1 and apical out organoids were infected 
with wildtype SARS-CoV-2 B.1.617.2. Protein was extracted 48 h and 72 h 
post-infection of basal out and apical out organoids, respectively. Western blots 

were performed for SARS-CoV-2 nucleocapsid protein with actin as a loading 

control and infected CACO-2 cells as a positive control. While the actin signal 

was strong, no bands were observed for the SARS-CoV-2 nucleocapsid in 

basal out endometrial organoids with or without decidualization treatment 

(Figure 3-17A). In the apical out endometrial organoids, faint bands were 

visible for SARS-CoV-2 nucleocapsid (Figure 3-17B). The full blots are shown 

in Supplementary Figure 8-8 and Supplementary Figure 8-9. 

 

 

Figure 3-17: Infection of Endometrial Organoids with SARS-CoV-2. Endometrial organoids (n = 1) 
were cultured either in basal out or apical out polarity and treated with 0.5 mM 8-bromo-cAMP and 1 µM 
MPA for 5 days. After 48 h of infection with SARS-CoV-2 B.1 (200 930 034 IU/ml, diluted 1:100), the 
protein was extracted from basal out organoids and a western blot was performed (A). Protein extraction 
and western blot of apical out organoids were performed after 72 h of infection with SARS-CoV-2 
B.1.617.2 (648 267 898 IU/ml, diluted 1:100) (B). Actin was used as loading control and SARS-CoV-2 
infected CACO-2 as positive control. 
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3.9 Infectibility of 2D Endometrial Cells with SARS-CoV-2 

In order to test if SARS-CoV-2 can infect endometrial cells, a preliminary 

experiment using HESC and ISK cells cultured as monolayers was conducted. 

HESC and ISK monolayers were cultured with or without decidualization 

treatment prior to infection (n = 1). Cells were either infected with icSARS-CoV-

2-mNG, a clone of SARS-CoV-2 exhibiting green fluorescence, or with wildtype 

SARS-CoV-2 B.1 from a clinical isolate. 
For ISK, a strong fluorescent signal was observed in infected cells treated with 

decidualization medium, whereas no fluorescence was detected in non-infected 

ISK or any HESC samples (Figure 3-18A, B). A western blot of ISK and HESC 

without decidualization treatment after 72 h of infection with the wildtype virus 

showed no band for the SARS-CoV-2 nucleocapsid in contrast to the positive 

control (Figure 3-18C). In another western blot using ISK, bands were observed 

for the cells infected with both the icSARS-CoV-2-mNG and the wildtype virus 

after decidualization treatment (Figure 3-18D). 

Full western blots can be seen in Supplementary Figure 8-10. 
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Figure 3-18: Infection of HESC and ISK with SARS-CoV-2. 2D HESC and ISK were cultured either with 
or without decidualization medium (n = 1). After infection with either icSARS-CoV-2-mNG (mNG, 
MOI = 10), a green-fluorescent clone of SARS-CoV-2, or with wildtype SARS-CoV-2 B.1 (WT, MOI = 40) 
from a clinical isolate, infection was monitored through fluorescence microscopy (A, B) and/or western blot 
(C, D). Infected CACO-2 served as positive control. 
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3.10 Infection of Endometrial Spheroids with SARS-CoV-2 

Following preliminary experiments with monolayer cultures, infection of 

endometrial spheroids with SARS-CoV-2 was carried out. The experimental set-

up is depicted in Figure 3-19. Infection was confirmed through immunostaining 

and western blot. Further, cytokine levels were measured in the supernatant. 

RNA-seq was performed and validated through qPCR. 

 

Figure 3-19: Experimental Set-Up for Infection of Endometrial Spheroids. HESC and ISK were 
cultured separately before being added to agarose-coated wells of a 96-well plate for spheroid formation. 
After 2 days, the spheroids were treated with 0.5 mM 8-bromo-cAMP and 1 µM MPA, which was repeated 
every 48 h. On day 7, spheroids were infected with wildtype SARS-CoV-2 B.1.617.2 (Delta variant, 
648 267 898 IU/ml, diluted 1:20) and 48 h post-infection, spheroids were collected for downstream 
analyses. Created with BioRender.com. 

 

3.10.1 Immunostaining of Infected Endometrial Spheroids 

After infection, spheroids (n = 1) were fixed, dehydrated and rehydrated, 

blocked and stained with primary antibodies against ACE2 and SARS-CoV-2 

nucleocapsid. After incubation with the corresponding secondary antibodies, the 

spheroids were imaged through immunofluorescence microscopy (Figure 3-20). 
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All endometrial spheroids expressed ACE2 (green). SARS-CoV-2 nucleocapsid 

protein (red) was only present in infected endometrial spheroids. Additional 

images are shown in Supplementary Figure 8-11. 

 

 

Figure 3-20: Immunostaining of Non-Infected and Infected Endometrial Spheroids. After 7 days in 
culture, decidualized and non-decidualized endometrial spheroids were either infected with wildtype 
SARS-CoV-2 B.1.617.2 (Delta variant, 648 267 898 IU/ml, diluted 1:20) or mock-infected (n = 1). 48 hours 
post-infection, endometrial spheroids were fixed and stained for ACE2 (green) and SARS-CoV-2 

nucleocapsid protein (red). The scale bar is 200 m. Images are representative of at least 5 spheroids per 
group. 

 

3.10.2 Verification of Infection in Endometrial Spheroids through Western 

Blot 

To further demonstrate successful infection with SARS-CoV-2, a western blot 

was performed for the detection of SARS-CoV-2 nucleocapsid protein (n = 5). 

GAPDH was used as an internal loading control (Figure 3-21A). SARS-CoV-2 

nucleocapsid protein was detected in the infected non-decidualized and 

decidualized spheroids, but not in the non-infected samples. 

To study the effect of decidualization in infected endometrial spheroids, band 

size and intensity of non-decidualized (defined as 1.0) and decidualized 

spheroids were compared (Figure 3-21B). The data was analyzed with an 
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unpaired two-tailed student9s t-test, as no significant deviation from the normal 

distribution was observed. The amount of SARS-CoV-2 nucleocapsid protein 

was not significantly different between the infected non-decidualized and 

decidualized samples (p = 0.666). The full blot is presented in Supplementary 

Figure 8-12. 

 

 
Figure 3-21: Detection of SARS-CoV-2 Nucleocapsid Protein in Infected and Non-Infected 
Endometrial Spheroids. Endometrial spheroids (n = 5) were cultured for 7 days and decidualized prior to 
infection with SARS-CoV-2 B.1.617.2 (Delta variant, 648 267 898 IU/ml, diluted 1:20). After 48 h of 
incubation, cells were lysed and protein was extracted. Western blot was performed for the detection of 
SARS-CoV-2 nucleocapsid protein (A). GAPDH was used as an internal loading control. SARS-CoV-2 
nucleocapsid protein levels were compared between the infected non-decidualized and decidualized 
samples (B). An unpaired student9s t-test was used for statistical analysis. Data is presented as the 
arithmetic mean and SEM. ns, non-significant. 

 

3.10.3 Cytokine Levels in Endometrial Spheroids after Infection with 

SARS-CoV-2 

To evaluate the inflammatory response elicited by SARS-CoV-2 infection in 

endometrial spheroids, cytokine levels were measured in the supernatant after 

24 h and 48 h of infection (n = 5). Cytokine measurement was performed using 

the Human Inflammation Panel 1 (13-plex) assay and flow cytometry. Data was 

tested for normality and analyzed with ANOVA followed by Tukey9s multiple 

comparisons test. Of the measured cytokines, two were detectable: MCP-1 and 

IL-8 (Figure 3-22).  
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Figure 3-22: Cytokine Levels of Infected and Non-Infected Endometrial Spheroids. Endometrial 
spheroids (n = 5) were cultured for 7 days and decidualized for 5 days prior to infection with SARS-CoV-2 
B.1.617.2 (648 267 898 IU/ml, diluted 1:20). Supernatant was collected 24 h and 48 h post-infection. 
ANOVA was used for statistical analysis. Data is presented as the arithmetic mean and SEM. The degree 
of statistical significance is shown in comparison to non-decidualized non-infected endometrial spheroids. 
**p < 0.01; ***p < 0.001; ****p < 0.0001; ns, non-significant. 

 

MCP-1 levels were low in the non-infected samples. In the non-infected non-

decidualized (SARS-CoV-2 -, cAMP + MPA -) spheroids, the mean MCP-1 

amount was 7.75 pg/ml after 24 h and 6.69 pg/ml after 48 h. Mean MCP-1 
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levels in non-infected decidualized (SARS-CoV-2 -, cAMP + MPA +) spheroids 

were 7.75 pg/ml after 24 h and 6.35 pg/ml after 48 h. 

MCP-1 increased significantly in the infected samples (p < 0.001) with 

221.70 pg/ml in infected non-decidualized (SARS-CoV-2 +, cAMP + MPA -) 

samples after 24 h and 277.90 pg/ml after 48 h. Infected decidualized (SARS-

CoV-2 +, cAMP + MPA +) spheroids had MCP-1 levels of 287.40 pg/ml 24 h 

post-infection and 276.60 pg/ml after 48 h. Regardless of infection status, no 

significant difference in the amount of MCP-1 was detected between non-

decidualized and decidualized spheroids. 

IL-8 was not significantly changed in infected compared to non-infected 

samples. The mean IL-8 amount of non-infected non-decidualized spheroids 

was 7.51 pg/ml after 24 h and 15.17 pg/ml after 48 h. 14.58 pg/ml of IL-8 was 

measured in infected non-decidualized samples at the 24 h timepoint and 

23.82 pg/ml at 48 h. 

In both non-infected and infected spheroids, a significant increase was seen in 

the supernatant from decidualized spheroids after 48 h compared to the non-

decidualized ones (p < 0.01). After 24 h, mean IL-8 levels were 133.20 pg/ml in 

non-infected decidualized and 142.30 pg/ml in infected decidualized spheroids. 

The amount further increased at the 48 h timepoint to 275.40 pg/ml and 

289.40 pg/ml, respectively. 

 

3.10.4 RNA Sequencing of Infected Endometrial Spheroids 

RNA-seq was performed to identify gene expression profiles in non-infected and 

infected as well as decidualized and non-decidualized endometrial spheroids 

(n =3). The sequencing generated an average read per sample of 

23 280 406.17, with a unique mapping rate of 91.9% to the reference genome. 

Differential gene expression (DEG) analysis was performed by pairwise 

comparison of the four experimental groups (Table 3-1). Genes with a 

|log2 fold change| g 1.50 and a Benjamini-Hochberg adjusted p-value < 0.05 

were considered significantly differentially expressed. The effect of infection 
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resulted in 123 DEGs between non-infected and infected non-decidualized as 

well as 362 DEGs between non-infected and infected decidualized endometrial 

spheroids. Between non-decidualized and decidualized spheroids, the 

identification of 228 DEGs in non-infected samples and 295 DEGs in infected 

samples can be attributed to the effect of decidualization. 

 

Table 3-1: Number of Differentially Expressed Genes. Pairwise comparisons of RNA-seq data from 
endometrial spheroids according to the fold change (|log2FC| g 1.50) and significance (adjusted p-value 
< 0.05) cut-offs. 

Pairwise Comparison Upregulated Downregulated Total 

Non-decidualized Infected vs. 

Non-decidualized Non-infected 

81 42 123 

Decidualized Infected vs. 

Decidualized Non-infected 

212 150 362 

Decidualized Non-infected vs. 

Non-decidualized Non-infected 

128 100 228 

Decidualized Infected vs. 

Non-decidualized Infected 

162 133 295 

 

The DEGs are further visualized in volcano plots (Figure 3-23). The X-axis of 

the plot represents the log2-fold change between the two groups and the Y-axis 

represents the negative logarithm (base 10) of the p-value. Significantly up- or 

downregulated genes are shown in purple or turquoise, respectively, and non-

significantly changed genes are shown in black. 

Several genes stood out with notably high log2-fold changes and low p-values, 

suggesting a strong association between their expression and the treatment 

effect. In non-decidualized spheroids, infection led to increased expression of 

TNFSF18 and LEFTY1. Interestingly, this effect was not observed in the 

decidualized samples, in which infection resulted in higher NR4A3 and lower C7 

expression. 
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Figure 3-23: Volcano Plots of DEGs in Endometrial Spheroids Infected with SARS-CoV-2. Following 
decidualization treatment and infection with SARS-CoV-2 B.1.617.2 of endometrial spheroids (n = 3), 
RNA-seq was performed. Each data point represents an individual gene and DEGs are indicated by red 
dots (|log2FC| g 1.5, FDR-adjusted p < 0.05), with upregulated genes shown on the right side of the plot 
(purple dots) and downregulated genes on the left side (turquoise dots). Non-significant genes are shown 
as black dots. Example genes are labeled with names. 
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Figure 3-23: Volcano Plots of DEGs in Endometrial Spheroids Infected with SARS-CoV-2. Continued. 

 

The effect of decidualization can be seen by an upregulation of IL1RL1 and 

PECAM1 in both non-infected and infected samples. Notably, VTCN1 and 

IL38G were downregulated in decidualized infected spheroids but not in 

decidualized non-infected. These examples show that both infection and 
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decidualization impacted the gene expression profiles of the endometrial 

spheroids. 

To analyze the variance in mRNA expression between the experimental groups, 

principal component analysis (PCA) was performed (Figure 3-24). The 

cumulative explained variance plot demonstrated that the first two principal 

components (PC1 and PC2) accounted for 37.7% of the total variance in the 

dataset. PC1 explained 24.9% of the variance and PC2 explained 12.8%. 

These two components were selected for further interpretation and 

visualization. The score plot based on PC1 and PC2 revealed distinct clustering 

of samples between non-decidualized and decidualized groups. The separation 

according to infection status is not as clear in the non-decidualized samples but 

more pronounced in decidualized spheroids. 

 

 

Figure 3-24: Principal Component Analysis of RNA-Seq Data from Endometrial Spheroids after 
Infection with SARS-CoV-2. Endometrial spheroids were decidualized and infected with SARS-CoV-2 
B.1.617.2 (n = 3). RNA-seq was performed and the first two principal components were used for analysis. 
Axis percentages indicate variance contribution of the first two principal components. Biological replicates 
are represented as different symbols and experimental groups are shown in different colors. 
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Focusing on selected DEGs, the heat map (Figure 3-25) displays the 

expression patterns in pairwise comparisons of the experimental groups. 

Comparisons between each group provide insights into the specific gene 

expression changes associated with decidualization treatment (first and second 

column) and infection (third and fourth column). 

A heat map with dendrograms can be seen in Supplementary Figure 8-13. 



 87 

 

Figure 3-25: Heat Map Analysis of Gene Expression Profiles of Endometrial Spheroids after 
Infection with SARS-CoV-2. RNA-seq was performed on endometrial spheroids after decidualization 
treatment and infection with SARS-CoV-2 B.1.617.2 (n = 3). A subset of selected DEGs are displayed in 
this heat map with each row representing an individual gene and each column representing a pairwise 
comparison of two experimental groups. The color scale indicates the gene expression levels, with red 
indicating upregulation and blue indicating downregulation. 
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To gain insight into the biological processes and pathways associated with the 

DEGs, we performed gene ontology (GO) enrichment analysis and pathway 

annotation of the top 40 up- and downregulated genes using the Metascape 

database (Figure 3-26). GO analysis revealed that the upregulated genes in 

infected spheroids were significantly enriched in categories such as fan 

embryonic CTX brain myeloid or target genes of DNA topoisomerase 2-beta in 

non-decidualized or decidualized spheroids, respectively. The downregulated 

genes were enriched in categories related to immune response regardless of 

decidualization status. 

In the non-infected samples, significantly enriched upregulated genes in 

decidualized spheroids were involved in carbohydrate metabolism, TGF-³ 

signaling and inflammation. The downregulated genes also correlated with 

inflammatory regulation and the TNF signaling pathway. In infected samples, 

decidualization led to a significant enrichment of upregulated genes associated 

mainly with immune response and secretion, whereas the downregulated genes 

were significantly enriched in processes linked to cell and ECM structure. 
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Figure 3-26: Gene Ontology Enrichment Analysis and Pathway Annotation of Endometrial 
Spheroids Infected with SARS-CoV-2. Endometrial spheroids were decidualized and infected with 
SARS-CoV-2 B.1.617.2 (n = 3). RNA-seq was performed and the data was compared to the Metascape 
database. Gene ontology enrichment analysis as well as pathway annotation were performed for up- and 
downregulated DEGs of pairwise group comparisons. Statistical significance is indicated by -log10(p-value) 
on the x-axis and by the shade of orange. 
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Figure 3-26: Gene Ontology Enrichment Analysis and Pathway Annotation of Endometrial 
Spheroids Infected with SARS-CoV-2. Continued. 

 

3.10.5 Verification of RNA Sequencing Results of Infected Endometrial 

Spheroids through qPCR 

To validate the RNA-seq results, qPCR was performed on a subset of selected 

DEGs (Figure 3-27). A new batch of endometrial spheroids (n = 5) was 

cultured, decidualization treated and infected as in previous experiments. qPCR 

was performed for CCL20, CD38, LCN2, VTCN1, NR4A3, LEFTY1, IL1RL1 and 

ACTB as the reference gene. The qPCR results were analyzed using the 2-��Ct 

method and the value of the control group was defined as 1.0. Statistical 

significance was tested with unpaired student9s t-tests. 
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Figure 3-27: Validation of DEGs in SARS-CoV-2 Infected Endometrial Spheroids through qPCR. 
RNA-seq data was analyzed and up- or downregulated genes were chosen for verification. A new batch of 
endometrial spheroids (n = 5) was decidualized and infected with SARS-CoV-2 B.1.617.2 
(648 267 898 IU/ml, diluted 1:20). RNA was extracted after 48 h of incubation and qPCR was performed 
with ACTB as reference gene. Unpaired student9s t-tests were performed. Data is presented as the 
arithmetic mean and SEM. The degree of statistical significance is shown in comparison to non-
decidualized non-infected endometrial spheroids, if not otherwise indicated by straight lines. *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001; ns, non-significant. 
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Three of the tested genes were downregulated upon SARS-CoV-2 infection 

only in non-decidualized endometrial spheroids: CCL20 (0.48-fold ± 0.12, 

p = 0.003), CD38 (0.61-fold ± 0.07, p < 0.001) and LCN2 (0.63-fold ± 0.04, 

p < 0.001). For CCL20 and CD38, gene expression was also significantly higher 

in the decidualized infected compared to the non-decidualized infected samples 

(2.30-fold ± 0.50, p = 0.032 and 1.96-fold ± 0.21, p = 0.002, respectively). An 

upregulation of LCN2 was observed in decidualized non-infected (6.34-fold 

± 1.38, p = 0.005) and decidualized infected (6.68-fold ± 1.39, p = 0.004) 

spheroids. 

In the RNA-seq data, the downregulation of CCL20 upon infection in the non-

decidualized samples was not statistically significant (padj = 0.260). However, in 

line with the qPCR results, CCL20 was significantly higher in decidualized 

infected compared to non-decidualized infected spheroids (log2FC = 3.39, 

padj = 0.036). According to RNA-seq, CD38 was significantly upregulated in 

decidualized infected compared to non-decidualized infected spheroids 

(log2FC = 4.03, padj = 0.014), similar to the qPCR results. Likewise, no 

significant change was found between non-infected and infected non-

decidualized spheroids (padj = 0.196). For LCN2, infection in non-decidualized 

spheroids resulted in a downregulation, which did not meet the log2 fold change 

cut-off (log2FC = -1.45, padj = 0.019). As in the qPCR, RNA-seq data showed a 

significant upregulation of LCN2 in decidualized infected versus non-

decidualized infected spheroids (log2FC = 3.17, padj < 0.001) but no significant 

difference was found between decidualized and non-decidualized non-infected 

samples (padj = 0.113). 

In VTCN1, a downregulatory effect was observed both through SARS-CoV-2 

infection and decidualization. Thus, VTCN1 was highest in the non-decidualized 

non-infected and lowest in the decidualized infected group (0.02-fold ± 0.002, 

p < 0.001). Between the decidualized spheroids, VTCN1 was decreased by a 

third (0.66-fold ± 0.07, p = 0.001) through infection. 

Similar effects were found in RNA-seq, such as downregulation through 

decidualization in non-infected (log2FC = -5.20, padj < 0.001) and infected 
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samples (log2FC = -6.83, padj < 0.001). The effect of infection led to a decrease 

of VTCN1 in decidualized spheroids (log2FC = -6.89, padj < 0.001), but was not 

significant in non-decidualized spheroids (padj = 0.946). 

An increase in NR4A3 expression was found in the infected samples. The non-

decidualized infected spheroids had 1.86-fold (± 0.10, p < 0.001) and the 

decidualized infected 3.57-fold (± 0.75, p = 0.009) higher NR4A3 levels than the 

non-decidualized non-infected spheroids. These results match the RNA-seq 

data, in which decidualized infected spheroids expressed significantly more 

NR4A3 than decidualized non-infected spheroids (log2FC = 2.38, padj = 0.003). 

RNA-seq also identified a significant change of NR4A3 between decidualized 

infected and non-decidualized infected spheroids (log2FC = 2.39, padj = 0.004), 

which was not found in the qPCR data. The other RNA-seq group comparisons 

for NR4A3 were non-significant. 

While infection had no significant effect on LEFTY1 levels, its expression was 

significantly higher in decidualized samples (8.06-fold ± 1.61, p = 0.002 and 

9.39-fold ± 1.83, p = 0.002 in non-infected and infected, respectively). This 

pattern was also observed in RNA-seq, with an upregulation of LEFTY1 in 

decidualized non-infected (log2FC = 4.59, padj < 0.001) compared to the non-

decidualized samples. 

In the qPCR, IL1RL1 was below detection level in non-decidualized samples but 

detectable in decidualized spheroids (not shown in graphs). This result is 

consistent with the RNA-seq data, in which decidualized spheroids had 

significantly upregulated IL1RL1 compared to non-decidualized in both non-

infected (log2FC = 6.16, padj < 0.001) and infected samples (log2FC = 8.03, 

padj < 0.001). 

Overall, the qPCR analysis supported the reliability of the RNA-seq results. 
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4 Discussion 

The spread of SARS-CoV-2 resulted in a global pandemic of unprecedented 

scale. The effect of COVID-19 on pregnancy and, particularly, the question of in 

utero transmission are of utmost importance. During early pregnancy, the 

endometrium undergoes decidualization to allow embryo implantation. Together 

with the trophoblast, the decidua forms the placenta and therefore acts as a 

protective barrier against vertical transmission. 

The objective of this thesis was to investigate if SARS-CoV-2 can infect the 

human endometrium and what effect SARS-CoV-2 infection has on endometrial 

cells. To this end, endometrial spheroids were established as a novel three-

dimensional in vitro model and compared to endometrial monolayers as well as 

organoids. ACE2 and TMPRSS2, necessary for SARS-CoV-2 infection, were 

found in endometrial cells and their expression changed through 

decidualization. Our findings suggest that the human endometrium is 

susceptible to infection by SARS-CoV-2 and that an inflammatory response is 

elicited. Furthermore, a dysregulation of genes associated with the endometrial 

immune response was noted and the degree varied between decidualized and 

non-decidualized endometrial spheroids. 

 

4.1 Endometrial Spheroids 

4.1.1 Establishment and Optimization of Endometrial Spheroids 

Spheroids are a three-dimensional cell culture model consisting of an 

aggregation of adherent cells (Lin and Chang, 2008). This process resembles 

the formation of tissues during embryonic development through self-assembly 

of cells (Laschke and Menger, 2017). To facilitate the formation of multicellular 

spheroids, adherent cells need to be prevented from attaching to the surface of 

the culture ware, for which several methods are available. 

In our approach, both agarose-coated well plates and prefabricated ultra-low 

attachment well plates yielded comparable results. We chose this liquid-overlay 

technique because of its many advantages, including cost-efficiency, 
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accessibility of equipment, low shear stress, the possibility of large-scale 

spheroid production and the ability to sustain long-term spheroid cultures (Costa 

et al., 2018). However, a common drawback seen in spheroids cultured using 

the liquid-overlay technique is higher variability in size and shape compared to 

other methods like hanging-drop or microfabricated wells (Froehlich et al., 2016, 

Napolitano et al., 2007). As this irregularity in spheroid formation is mainly seen 

in spheroids cultured on flat surfaces, we optimized our protocol to use enough 

agarose gel to form a concave foundation in the wells (Costa et al., 2014, 

Gaskell et al., 2016). Further, we found that the formation of uniform and stable 

spheroids was improved by using a 96-well plate instead of a 48-well plate. This 

can be plausibly explained by the smaller well size which in turn leads to higher 

cell density when the same number of cells is initially seeded. Difficulties with 

creating uniform and size-controlled spheroids in large wells have also been 

described by others (Mirab et al., 2019). 

In most organs, e.g., the liver or lungs, the specific morphology and physiology 

is mainly determined by the parenchyma. Hence, research on these organs is 

focused on epithelial cells only (Glicklis et al., 2004, Han et al., 2021). In 

contrast, stromal and epithelial cells are both vital for the characteristics of the 

endometrium (Gellersen and Brosens, 2014). Therefore, we chose to include 

both cell types in our spheroid model. 

An immortalized, benign human endometrial stromal cell line and the Ishikawa 

cell line, a well-differentiated endometrial adenocarcinoma cell line, were used 

to represent endometrial stromal and epithelial cells. ISK cells are known to 

carry estrogen and progesterone receptors and are thus widely used as a 

model in reproductive biology (Nishida et al., 1985, Nishida, 2002). 

An initial attempt to establish a spheroid model with a stromal cell core and 

epithelial cells on the surface by seeding HESC first and ISK cells the following 

day resulted in the formation of separate cell clusters. When both cell types 

were seeded at the same time, a single spheroid was assembled. This might be 

due to a limited time window for spheroid formation, which could also explain 
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our observation that already-formed spheroids could be transferred to regular 

well plates without attaching and losing their spherical shape. 

The resulting spheroid is potentially more suitable to mimic the morphology of 

the endometrium as epithelial cells are not limited to the surface in vivo, but 

penetrate the stromal compartment (Gray et al., 2001). A high degree of cell-cell 

interaction between both cell types is also beneficial as it is known that mutual 

exchange between stromal and epithelial cells is crucial for healthy endometrial 

function (Pierro et al., 2001, Cunha et al., 2004). 

To determine the optimal cell number and ratio of HESC to ISK cells, several 

criteria were considered. For the replication of in vivo histology, more stromal 

cells than epithelial cells were to be used (Kim et al., 2013, Decensi et al., 

1996). Our data showed that a very low proportion of ISK cells yielded uneven, 

fragile and irregularly shaped spheroids. Analogous to large well sizes, small 

cell numbers resulted in inconsistent spheroid formation with higher variability 

and lower stability. However, there was an upper limit to the cell number too, 

since necrosis has been described in large spheroids (Groebe and Mueller-

Klieser, 1996). Therefore, we settled on a 2:1 ratio of HESC to ISK and a total 

number of 9000 cells seeded per spheroid. 

Previously described models include endometrial spheroids incorporating cells 

of bovine origin (Haeger et al., 2015), endometrial adenocarcinoma (epithelial) 

cells only (Buck et al., 2015), endometrial mesenchymal stem (stromal) cells 

only (Domnina et al., 2021) and primary cells from endometriotic lesions (Song 

et al., 2023). To the author9s knowledge, the current study describes the first-

ever spheroid model of the human endometrium derived from both epithelial 

and stromal cell lines. 

 

4.1.2 Formation and Growth of Endometrial Spheroids 

Spheroid formation relies on the self-assembly of cells without external cues 

and can be divided into three phases (Lin and Chang, 2008, Enmon et al., 

2001): transient and fast aggregation of the initially single cells, followed by an 
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active strong cell-cell adhesion with compaction of the spheroid and finally a 

growth phase of the established spheroid. This process was also evident in our 

endometrial spheroids with single cells immediately after seeding, loose 

aggregation after six hours, beginning compaction after 1 day and growth of the 

established spheroid after day 2 (Figure 4-1). 

 

 

Figure 4-1: Spheroid Formation, Growth and Microenvironment. Medium containing cells in 
suspension is added to an agarose-coated well. At first, single cells loosely aggregate before compacting 
into spheroids, which continue to grow after formation. A gradient of oxygen, carbon dioxide, nutrients and 
waste products as well as varying values of pH and proliferation rates are distributed across the diameter 
of spheroids (insert). Created with BioRender.com. 

 

This complex process of self-assembly is the result of an interplay of cell-cell 

and cell-ECM interactions (Lin et al., 2006). Cell adhesion molecules like 

integrins (e.g., integrin ³1, integrin ³5³1) and cadherins (e.g., E-cadherin, N-

cadherin, cadherin-6) play an important role in the aggregation of cells and 

compaction of spheroids (Lin et al., 2006, Robinson et al., 2004, Ivascu and 

Kubbies, 2007, Shimazui et al., 2004). It is noteworthy that diverse molecular 
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mechanisms are responsible for spheroid formation across different cell types 

and that some cells only form loose aggregates, unable to compact into 

spheroids (Ivascu and Kubbies, 2007, Gunay et al., 2020). 

To monitor growth, we imaged the endometrial spheroids over 11 days and 

measured the area. We chose this quantity because two-dimensional images of 

three-dimensional spheroids did not allow for direct measurement of the 

volume. Since spheroids are not perfect geometric spheres, each measurement 

is subject to inherent uncertainties. If the diameter was to be used to represent 

the whole spheroid, an infinite number of diameters would be required to 

approximate the mean diameter. The perimeter, on the other hand, is subject to 

considerable deviations by surface effects, such as involutions and protrusions. 

Thus, the area was the most stable and most representative quantity for 

monitoring spheroid growth. We further calculated the diameter, which is an 

intuitive quantity as it is used widely in cell biology and can be easily compared 

with the scale bar, as well as the volume, which best describes the three-

dimensional nature of the spheroids. 

Comparing the growth of one type of spheroid to another can be problematic as 

variability exists in methods of culture and growth kinetics of each cell type 

(Costa et al., 2018, Froehlich et al., 2016). In one study using the MCF-7 cell 

line, derived from human breast adenocarcinoma, and an initial cell number of 

8000 cells per well, the spheroid diameter after 6 days was 450-500 m (Gong 

et al., 2015), which is slightly smaller than our observed diameter of around 

540 m (initial cell number of 9000 cells). Spheroids cultured from C3A cells, a 

hepatocarcinoma cell line, reached a diameter of almost 600 m after 6 days at 

a starting cell number of only 2500 cells (Gaskell et al., 2016). These 

astounding differences in the extent of growth suggest that each spheroid 

model should be viewed as unique. 

Nonetheless, certain features are shared by various spheroid models. The 

growth kinetics that we observed in our endometrial spheroids with a slight 

decrease in size on day 2, followed by a continuous increase in size, have 

already been described elsewhere (Gong et al., 2015). This is likely because of 
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spheroid compaction and increased density, which also results in a darker 

appearance in phase-contrast microscopy. Mainly cells located in the periphery 

of a spheroid seem to be responsible for spheroid growth through cell 

proliferation (Gaskell et al., 2016). The shape of spheroids tends to get more 

regular and spherical over time, which can also be seen in our spheroid cultures 

(Zanoni et al., 2020). 

 

4.1.3 Viability of Endometrial Spheroids 

Due to the lack of vasculature, the supply of nutrients and oxygen in spheroids 

depends on diffusion, hence, limiting spheroid size (Lin and Chang, 2008). 

Multiple studies have shown that a diffusion gradient exists with lower oxygen 

availability and waste product accumulation towards the spheroid center 

(Zanoni et al., 2020). With diffusion distance limited to approximately 200 m for 

most molecules, it is estimated that a necrotic core is formed when spheroids 

exceed 400-600 m in diameter (Groebe and Mueller-Klieser, 1996, Lin and 

Chang, 2008). This characteristic can be an advantage when modeling 

avascular tumor growth and drug penetration, but it poses a challenge for basic 

biological research (Figure 4-1). 

To investigate the viability of cells within the endometrial spheroids, we stained 

live cells with calcein-AM and dead cells with ethidium homodimer-1. The two 

timepoints chosen represent spheroids after stable formation (day 2) and after 

the maximum period of culture time required for our experiments (day 10). 

Importantly, we observed no sign of cell death at both timepoints whereas 

spheroids treated with ethanol or DMSO were mostly not viable. Despite a 

spheroid diameter of around 700 m after 10 days of culture, no necrotic core 

was visible. 

These results are similar to what Gong et al. (2015) found in the 

aforementioned MCF-7 spheroids, which remained fully viable even 12 days 

after culture. It is noteworthy that spheroid diameter is not the only factor in the 

development of necrosis and that cell type and culture conditions influence the 
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depletion of oxygen and nutrients in a culture system (Groebe and Mueller-

Klieser, 1996). For instance, the frequency of medium change significantly 

impacts the viability and growth of spheroids (McMillan et al., 2016). Thus, our 

selected cell number and culture conditions yielded spheroids, which remained 

viable over a period of time suitable for our purposes. 

 

4.1.4 Epithelial and Stromal Cell Markers in Endometrial Spheroids 

For the visualization of HESC and ISK cell distribution in the endometrial 

spheroids and to confirm the presence of both cell types, endometrial spheroids 

were stained for cytokeratin 7 and vimentin. Cytokeratins are water-insoluble 

proteins, which are located in the cytoplasm of almost all epithelial cells (Sun et 

al., 1983). Therefore, some members of this protein class are widely used as 

epithelial cell markers and cytokeratin 7 has been found in benign and 

malignant endometrial epithelial cells (Zhang et al., 2012, Chu et al., 2000). 

Vimentin, on the other hand, is an intermediate filament protein found in cells of 

mesenchymal origin, which includes stromal cells (Osborn, 1983, Ivaska et al., 

2007). It can be inferred from our data that stromal and epithelial cells are both 

present and evenly distributed throughout the whole endometrial spheroid. 

The protocol described by Weiswald et al. (2010) was used for immunostaining 

with minor modifications. Since spheroids are three-dimensional, multicellular 

structures, penetration of antibodies into the center is impeded and obtaining 

high-quality images can be challenging. To improve immunostaining outcome, 

each fixation, permeabilization and antibody staining step was prolonged and 

additional dehydration/rehydration steps were included (Weiswald et al., 2010). 

In total, immunostaining of the spheroids was a 6-day procedure compared to 

2 days for 2D cells. Thus, immunostaining of spheroids is a much more labor- 

and time-intensive task. 
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4.2 Endometrial Organoids 

4.2.1 Culture and Growth of Endometrial Organoids 

Organoids are a 3D cell culture model derived from stem cells, which 

differentiate and self-organize into structures characteristic of the respective 

organ (Lancaster and Knoblich, 2014). For our experiments, we used 

endometrial epithelial organoid lines, which were kindly provided by Dr. André 

Koch (Research Centre for Women's Health, Tübingen University Hospital) and 

derived from healthy endometrial biopsies. 

Single cells embedded in BME were visible on day 0, which then proliferated 

and formed cystic, gland-like structures over the following days. The separate 

organoids continued to grow and neighboring ones merged into even larger 

organoids while still maintaining a single lumen. This growth pattern closely 

mimics the in vivo development of endometrial glands and has been described 

in other endometrial organoid cultures too (Turco et al., 2017, Boretto et al., 

2017, Brucker et al., 2022). 

Some notable differences between the endometrial organoids and the newly 

established endometrial spheroids ought to be pointed out. Whereas the 

spheroids are assembled from fully differentiated, commercially available cell 

lines, organoids are developed from primary stem cells. Therefore, the 

formation of spheroids relies on aggregation of cells followed by growth through 

proliferation whereas organoids are established from stem cells, which are 

prompted to differentiate and proliferate by growth factors (Lin and Chang, 

2008, Clevers, 2016). 

The endometrial spheroids are comprised of stromal and epithelial cells, while 

most organoids, including the endometrial organoids utilized in this study, only 

contain epithelial cells (Wörsdörfer et al., 2020). To include mesoderm-derived 

stromal cells in a culture optimized to support the growth of epithelial cells, 

which are of endoderm or ectoderm origin, is challenging because of differing 

requirements regarding culture conditions (Wörsdörfer et al., 2020). 

Notwithstanding, several applications of co-cultures with organoids and stromal 

cells have been described, which proved to be beneficial for the viability and 
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maturation of the organoids (Koledova, 2017, Richards et al., 2019, Asai et al., 

2017, Leeman et al., 2019). 

 

4.2.2 Basal Out and Apical Out Polarity of Endometrial Organoids 

Many organoids are traditionally embedded in BME and in basal out formation, 

meaning that the basolateral side of the cells faces toward the outside whereas 

the apical side faces the lumen of the organoids (Co et al., 2019). This is also 

true for endometrial organoids, as was shown by the staining of perlecan, a 

basement membrane specific protein (Brucker et al., 2022). This circumstance 

complicates studying interactions of pathogens with proteins located at the 

apical cell surface, including ACE2 (Rouaud et al., 2022). 

Co et al. (2019) have shown that intestinal organoids, which were originally 

cultured in BME and of basal out polarity, could be transformed into apical out 

formation by removal of ECM proteins and transfer to suspension culture. 

However, when we followed their protocol of dissolving the BME with an EDTA 

solution, only a few organoids could be collected. Therefore, we switched to a 

commercially available organoid harvesting solution. 

Organoids embedded in BME have a large, clear central lumen and a smooth 

outer and inner border. After culturing in suspension for 3 days, most organoids 

were transformed into apical out polarity with smaller size, higher density and a 

small, dark lumen. Staining of whole organoids and sections for ZO-1, 

associated with tight junctions, and ³-catenin, associated with adherens 

junctions, showed a tendency for ZO-1 to be located on the outside whereas 

more ³-catenin was found on the inside of apical out organoids. This distribution 

pattern was not observed in the basal out organoids. Similar changes in 

morphology have also been described in intestinal and lung organoids, which 

have been used for infection experiments with various bacteria and viruses, 

including SARS-CoV-2 (Co et al., 2019, Li et al., 2020c, Salahudeen et al., 

2020). However, the differences that we observed were not as apparent as 

expected. 
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4.3 Decidualization and the Effect on ACE2 and TMPRSS2 in the 

Endometrium 

4.3.1 Markers of Decidualization 

Decidualization in the human endometrium occurs in the second half of the 

menstrual cycle, during the secretory phase and approximately 6 days after 

ovulation (Gellersen and Brosens, 2014). Strictly speaking, it only encompasses 

the stromal compartment as it is characterized by mesenchymal-epithelial 

transformation of stromal cells (Gellersen et al., 2007, Ng et al., 2020, Okada et 

al., 2018). This process is crucial for a successful pregnancy as it prepares the 

endometrium for implantation of the embryo and the subsequent formation of 

the maternal part of the placenta by the decidua (Gellersen and Brosens, 2014, 

Vento-Tormo et al., 2018). 

As previously described, cotreatment with 8-bromo-cAMP and 

medroxyprogesterone 17-acetate (MPA) induces decidualization in endometrial 

stromal cells (Dunn et al., 2003, Brosens et al., 1999). In our experiment, we 

found that treatment of HESC led to an increase in RNA levels of prolactin, 

IGFBP-1 and 11³-HSD1. In ISK cells, however, no significant increase in 

IGFBP1 and HSD11B1 was observed and surprisingly, PRL was decreased in 

ISK after decidualization treatment. 

The endometrial spheroids, in which decidualization was induced, showed a 

significant increase in IGFBP1 and HSD11B1, while PRL remained unchanged. 

In comparison to the effect in monolayer HESC, the fold change of IGFBP1 and 

HSD11B1 was much lower (1.7- and 3.0-fold in spheroids compared to 

6.6 × 104- and 5.4 × 102-fold in HESC) and PRL was also significantly changed 

in HESC. Since the endometrial spheroids contain ISK cells, in which none of 

the decidualization markers were significantly upregulated after treatment, it 

was expected that the observed effect would be less than in HESC alone. 

Although ISK cells only make up a third of the cells in the spheroids, their 

proliferation rate and RNA content tend to be higher than those of HESC. 

Specifically, the RNA concentration of ISK cells was almost five times higher 
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despite being diluted in nearly twice the volume (50 l compared to 30 l for 

HESC). 

Furthermore, culturing HESC and ISK together enables both cell types to 

interact with each other, which might also affect the response to decidualization 

treatment. Several studies have described that estrogen stimulates the 

proliferation of endometrial epithelial cells in vivo, but when cultured separately 

in vitro, response is poor (Inaba et al., 1988, Uchima et al., 1991, Pierro et al., 

2001). However, culturing endometrial epithelial and stromal cells together 

restores in vivo characteristics, such as estrogen responsiveness of epithelial 

cells (Cooke et al., 1986, Inaba et al., 1988). Likewise, the antiproliferative 

effect of progesterone on the endometrial epithelium is mediated through 

crosstalk between epithelial and stromal cells (Kurita et al., 1998, Li et al., 

2011b). Epithelial-stromal interactions also play a role in decidualization as 

paracrine signals from epithelial cells enhance stromal decidualization (Kim et 

al., 2006, Pawar et al., 2015). While endometrial spheroids are a valuable 

model for studying these crucial interactions, some HESC reactions might be 

concealed by the ISK cells. 

It is well-known that decidualized stromal cells produce prolactin and that the 

amount of prolactin produced indicates the extent of decidual differentiation 

(Daly et al., 1983, Maslar and Riddick, 1979). Notably, expression of prolactin 

receptors in the endometrium varies throughout the menstrual cycle and the 

receptors are mainly present during the mid- and late-secretory phase as well 

as during early pregnancy (Jones et al., 1998). This temporal expression 

pattern coincides with prolactin production of endometrial stromal cells.  

The role of prolactin for reproduction has not been conclusively explained yet, 

but a regulatory role in controlling trophoblast invasion, angiogenesis and 

immune defense has been suggested (Jabbour and Critchley, 2001). A study 

from Berkhout et al. (2020) showed that repeated implantation failure is 

associated with premature expression of prolactin in the endometrium. Prolactin 

receptors have also been found in epithelial glands, albeit to a lesser extent 

than in stromal cells (Jones et al., 1998, Tseng and Zhu, 1998). There is little 
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data available on the effect of prolactin on endometrial epithelial cells but it is 

known that low levels of prolactin promote the growth of endometrial epithelial 

cells whereas high levels have an inhibitory effect (Negami and Tominaga, 

1991). 

Insulin-like growth factor binding-protein 1 is another known marker for 

decidualization in endometrial stromal cells and our finding is consistent with 

evidence found in literature (Dunn et al., 2003). IGFBP-1 is vital in regulating 

proliferation and differentiation in the endometrium through inhibiting the 

function of insulin-like growth factor 1 and 2 (Rutanen, 1998). Although the 

exact mechanism is not known, IGFBP-1 is proposed to restrain trophoblast 

invasion (Giudice, 1997). In placentas of patients with preeclampsia, a condition 

associated with shallow implantation, IGFBP-1 expression is elevated (Li et al., 

2022). 

Two types of 11³-hydroxysteroid dehydrogenases exist and the expression of 

11³-HSD1 is known to be induced by decidualization (Kuroda et al., 2013), 

which is supported by our results. During early pregnancy, 11³-HSD1 is 

predominantly found on the maternal side of the placenta, including decidual 

cells, whereas 11³-HSD2 is more abundant in the syncytium and decidual 

epithelium (Yang et al., 2016, Funghi et al., 2016). As regulator of glucocorticoid 

levels at the maternal-fetal interface, 11³-HSD is relevant in the pathogenesis of 

gestational diabetes, preeclampsia, intrauterine growth restriction and preterm 

birth (Konstantakou et al., 2017). 

The availability of data regarding the effects of decidualization treatment on 

endometrial epithelial cells is limited, likely due to the predominant role of 

stromal cells in the decidualization process. However, in other mammals, such 

as rats, the epithelial cells might be the initiators of decidualization after 

attachment of the blastocyst (Leroy and Lejeune, 1981). Since our aim was to 

establish endometrial spheroids consisting of both endometrial stromal and 

epithelial cells, we chose to include ISK cells in our decidualization experiments. 

Thus, we did not expect a significant increase in decidualization markers in ISK 

cells after treatment, which is consistent with our findings on IGFBP-1 and 
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11³-HSD1 RNA levels. The cause for the decrease of prolactin in ISK cells 

upon treatment with 8-bromo-cAMP and MPA can only be speculated. 

Braverman et al. (1984) described secretion of prolactin from decidual cells 

isolated during the second trimester, whereas prolactin release was 

undetectable in the epithelial cells. Several studies described an inhibitory effect 

of progesterone on endometrial epithelial cell proliferation (Kim et al., 2013, Pan 

et al., 2017, Yuan et al., 2019). Hence, progesterone is applied in the 

prevention and treatment of endometrial cancer (Derbyshire et al., 2021, Westin 

et al., 2021). Further, the inhibitory effect of progesterone on the growth of 

endometrial epithelial cells and the shift toward differentiation might support 

uterine receptivity (Yang et al., 2011, Gebril et al., 2020). This is in accordance 

with progesterone supplementation during early pregnancy to prevent 

miscarriage (Wu et al., 2021) and preterm birth (Norwitz and Caughey, 2011) as 

well as after in vitro fertilization (Proctor et al., 2006). The underlying 

mechanisms are not fully understood yet but improved endometrial blood flow 

(Ghosh et al., 2014), inhibition of the oxytocin receptor (Grazzini et al., 1998) 

and luteal phase support (Bulletti et al., 2022) have been proposed.  

 

4.3.2 Effect of Decidualization on ACE2 and TMPRSS2 Levels 

SARS-CoV-2 infection of host cells is dependent on key entry factors: the 

angiotensin-converting enzyme 2 (ACE2) as the receptor and the 

transmembrane protease serine 2 (TMPRSS2) for priming of the spike protein 

(Hoffmann et al., 2020). To verify the presence of ACE2 and TMPRSS2 in the 

endometrium and to study the effect of decidualization treatment on these very 

proteins, western blots were performed. 

Our data shows that ACE2 and TMPRSS2 are present in endometrial cells. In 

monolayers, decidualization treatment results in increased levels of ACE2 

protein in both stromal and epithelial cells, while TMPRSS2 levels remained 

unchanged. Similarly, a study by Chadchan et al. (2021) reported an increase in 

ACE2 RNA and protein levels in HESC after in vitro decidualization. They also 

showed an ACE2 increase in stromal cells in endometrial biopsies obtained in 
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the secretory phase compared to the proliferative phase. In contrast to our 

results, Chadchan et al. did not find a significant change in ACE2 expression in 

endometrial epithelial cells throughout the menstrual cycle. Notably, we found 

only a 1.3-fold increase in ACE2 protein levels in the ISK cells compared to 

177.0-fold in the HESC. 

Surprisingly, only faint bands were observed for ACE2 in control and 

decidualized spheroids while clearly detectable amounts of TMPRSS2 and 

GAPDH were found. Similar to the 2D endometrial cells, TMPRSS2 levels were 

not significantly changed through decidualization treatment in the endometrial 

spheroids. The low level of ACE2 in the spheroids is striking as ACE2 was 

present in ISK with and without decidualization treatment as well as in 

decidualized HESC. However, immunostaining was positive for ACE2 in all 

spheroids. One potential reason for this result is the localization of ACE2 on 

cells. ACE2 is mainly found on the cell surface with only little intracellular 

presence (Hamming et al., 2007). Importantly, ACE2 is expressed 

predominantly on the apical surface of cells, which has been described in the 

kidney, lung and several epithelial cells (Warner et al., 2005, Ren et al., 2006, 

Jia et al., 2006, Rouaud et al., 2022). Unlike in conventional monolayer cell 

culture, cell polarity comparable to in vivo tissues is retained in spheroids (de 

Dios-Figueroa et al., 2021, de Melo et al., 2021). 

The surface area for the same number of cells is higher in monolayer compared 

to spheroid cultures. For each sample of a 2D culture one well of a 6-well plate 

(growth area of 9.5 cm2) compared to a surface area of 0.17 cm2 per spheroid 

sample (surface area of 12 day 8 spheroids). Assuming that ACE2 is mainly 

expressed at the surface of the spheroids while GAPDH is present in each cell, 

this might explain the tremendous difference found in ACE2 protein levels in 

endometrial spheroids compared to 2D cells. 

In three different endometrial organoid lines, western blot revealed no or below 

detection levels of ACE2, whereas strong bands were visible for TMPRSS2 and 

GAPDH. This result was found in organoids with and without decidualization 

treatment. Possibly, these findings might not be generalizable due to the small 
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sample size and low ACE2 levels could also be explained by the observations 

in spheroids described above. Notably, low levels of ACE2 do not rule out the 

possibility of SARS-CoV-2 infection as only small amounts of ACE2 RNA are 

expressed in the lungs, the main site of infection (Sun et al., 2021). Additionally, 

the presence of TMPRSS2 enhances the ability for viral entry via the few 

existing ACE2 receptors (Harrison et al., 2020, Shulla et al., 2011). However, 

RNA sequencing data also showed no ACE2 expression in the endometrial 

organoids (personal communication of Dr. A. Koch, 12.01.2022). Thus, 

endometrial organoids might not be a suitable model for studying SARS-CoV-2 

infection. 

Our findings are supported by the well-established fact that ACE2 is abundantly 

expressed in the placenta and most amply so during early pregnancy (Merrill et 

al., 2002, Levy et al., 2008, Neves et al., 2008, Marques et al., 2011, Bloise et 

al., 2021). Furthermore, ACE2 gene expression changes throughout the 

menstrual cycle with an increase in the secretory phase (Henarejos-Castillo et 

al., 2020, Vaz-Silva et al., 2009), which aligns with our observed increase in 

ACE2 through decidualization. However, another study did not find significant 

expression of ACE2 in either stromal or epithelial cells in any phase of the 

menstrual cycle (Vilella et al., 2021). 

ACE2 has a regulatory function in the renin-angiotensin system (RAS) by 

counteracting vasoconstriction as well as retention of salt and water (Donoghue 

et al., 2000, Wang et al., 2020b). During early pregnancy, ACE2 also plays a 

role in implantation, spiral artery remodeling and angiogenesis (Weatherbee et 

al., 2020, Valdés et al., 2006, Morgan et al., 1998). Notably, drugs for the 

treatment of hypertension by antagonizing RAS (e.g., angiotensin converting 

enzyme inhibitors, angiotensin receptor blockers) are contraindicated during 

pregnancy and associated with teratogenicity and fetopathy (Bullo et al., 2012). 

Because the physiological function of ACE2 is similar to the effects of these 

drugs, it is worth noting that the risk of adverse pregnancy outcomes and 

congenital malformations is not increased when these antihypertensives are 

taken during the first trimester (Diav-Citrin et al., 2011, Bateman et al., 2017). 

Decreased blood pressure may lead to placental hypoperfusion, which is 
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particularly detrimental to fetal growth, primarily in late pregnancy. This 

explanation would also be consistent with the dynamics of ACE2 during 

pregnancy described above. 

The mechanism behind the upregulation of ACE2 during decidualization and 

pregnancy is yet to be fully elucidated. In pneumocytes, ACE2 gene expression 

is upregulated upon stimulation through interferons and the expression of ACE2 

correlated with that of STAT1 (Ziegler et al., 2020). Additionally, an association 

between ACE2 and genes of other JAK-STAT (Janus kinase 3 signal 

transducer and activator of transcription proteins) signaling pathway 

components was found, such as JAK2, STAT2, STAT4 and STAT5A (Luo et al., 

2021). Treatment with a JAK inhibitor diminished the activation of ACE2 by 

interferons in kidney cells (Jankowski et al., 2021). Data from Hennighausen 

and Lee (2020) further support this explanation by showing that ACE2 is 

upregulated in the mammary gland during pregnancy and lactation through 

activation of prolactin and STAT5. 

The provided evidence from the literature along with the fact that both prolactin 

and prolactin receptors are present in the endometrium during decidualization 

might help to understand our finding that ACE2 is upregulated through 

decidualization (Jones et al., 1998). Prolactin may promote the expression of its 

own receptor through an autocrine effect in the endometrium and decidua 

(Jikihara et al., 1996). Moreover, STAT5 levels are increased during 

decidualization in endometrial stromal cells and components of the JAK/STAT 

pathway are phosphorylated after prolactin stimulation (Mak et al., 2002, 

Jabbour et al., 1998). We therefore hypothesize that ACE2 expression in the 

endometrium is regulated through the JAK/STAT pathway (Figure 4-2). 
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Figure 4-2: Hypothetical Pathway of ACE2 Upregulation during Decidualization. The prolactin 
receptor is associated with Janus kinases (JAKs) and is inactive (1). During decidualization, prolactin 
receptors are upregulated and prolactin is secreted by HESCs. After binding of prolactin, the receptor 
dimerizes and the JAKs phosphorylate tyrosine residues of the receptor (2). STAT proteins bind to the 
receptor, are phosphorylated and dimerized (3). The phosphorylated STAT dimers translocate into the cell 
nucleus (4) and induce transcription of the ACE2 gene (5). Thus, ACE2 expression increases (6). Created 
with BioRender.com. 

 

Notably, transfection of endometrial stromal cells with siRNA targeting ACE2 

was shown to result in impaired decidualization (Chadchan et al., 2021). This 

means that not only is ACE2 upregulated during decidualization, but it is also 

necessary for the physiological changes in morphology and expression of 

decidualization markers. 

Regarding our findings on TMPRSS2 levels, the same study by Chadchan et al. 

(2021) showed compatible results, as no significant difference was observed 

neither in epithelial, nor in stromal cells between the proliferative and secretory 

endometrium. Stable TMPRSS2 gene expression throughout the menstrual 

cycle is also supported by Henarejos-Castillo et al. (2020). 
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4.4 SARS-CoV-2 Infection in the Endometrium 

4.4.1 Susceptibility of Endometrial Monolayers and 3D Cultures to SARS-

CoV-2 

Prior to SARS-CoV-2 infection experiments with endometrial spheroids, a 

preliminary experiment using HESC and ISK cultured as monolayers was 

conducted to test for infectibility. Both fluorescence microscopy and western 

blot showed infection in ISK after treatment with MPA and 8-bromo-cAMP but 

not in HESC or non-decidualized ISK samples. However, this experiment was 

only intended as a preliminary assessment of infectibility. Due to the small 

sample size of n = 1, the data must be interpreted with caution. Repetition of the 

infection experiments involving non-decidualized and decidualized ISK revealed 

susceptibility to SARS-CoV-2 (unpublished data). 

Subsequently, infection of decidualized- and non-decidualized endometrial 

spheroids was carried out. The first step was to verify the susceptibility of 

endometrial spheroids to SARS-CoV-2 infection. To this end, immunostaining 

and western blot were carried out for the detection of SARS-CoV-2 

nucleocapsid protein. Both methods revealed the presence of SARS-CoV-2 

nucleocapsid in infected but not in non-infected spheroids. Further, 

immunostaining was positive for ACE2 in all spheroids. Moreover, non-

decidualized and decidualized spheroids were both susceptible to infection, in 

contrast to the results from 2D cells, and had comparable amounts of SARS-

CoV-2 nucleocapsid protein. 

Despite the lack of ACE2 expression, we attempted to infect endometrial 

organoids with SARS-CoV-2. Basal out and apical out organoids were 

compared, however, the methods used differed greatly. While the wildtype virus 

was used at a dilution of 1:100 in the basal out organoids, a 1:10 dilution of the 

delta variant was used in the apical out organoids. Furthermore, the time points 

varied with protein extraction 48 h post-infection in basal out and 72 h in apical 

out organoids. Due to limited time and resources, no further experiments were 

conducted using the endometrial organoids, resulting in a sample size of n = 1. 
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Hence, the results of the infection experiments with endometrial organoids 

remain inconclusive. 

The main objective of this study was to identify the possibility of SARS-CoV-2 

infection in the human endometrium and, thus, to shed light on the risk of 

vertical transmission. Mother-to-child transmission of pathogens can occur 

during pregnancy, labor or in the postnatal period (Arora et al., 2017). While it is 

well established that SARS-CoV-2 can be transmitted via respiratory droplets 

and close physical contact ante- and postnatal, data on in utero transmission 

remains inconclusive (Meyerowitz et al., 2021). 

Several meta-analyses and systematic reviews have been conducted, which 

report no or few but questionable cases of vertical transmissions (Juan et al., 

2020, Diriba et al., 2020, Wei et al., 2021, Di Toro et al., 2021, Barcelos et al., 

2021, Musa et al., 2021, Allotey et al., 2022). Positive tests in neonates born to 

SARS-CoV-2 positive mothers cannot be taken as a sure sign of in utero 

transmission because the possibility of intrapartum or early postnatal infection is 

not excluded. Furthermore, IgM antibodies against SARS-CoV-2 were identified 

in newborns born to women with COVID-19 (Zeng et al., 2020, Dong et al., 

2020). Due to their large size, IgM antibodies do not cross the placental barrier 

and their presence might indicate fetal infection in utero (Ben-Hur et al., 2005). 

However, these reports should be considered with caution as IgM testing is 

error-prone and inflammation can damage the placental barrier (Kimberlin and 

Stagno, 2020, Ben-Hur et al., 2005). Additionally, SARS-CoV-2 spike and 

nucleocapsid protein as well as RNA have been detected in placental tissues of 

women with COVID-19 (Facchetti et al., 2020, Hecht et al., 2020). 

Case reports on suspected in utero transmission of SARS-CoV-2 exist. Five 

women tested positive for SARS-CoV-2 gave birth to neonates with symptoms 

of early-onset COVID-19, of which one died after 4 days, and a reported 

stillbirth (Allotey et al., 2022). Tests for SARS-CoV-2 were positive in the 

placenta, cord blood and fetal/neonatal organs at autopsy (Allotey et al., 2022). 

Notably, the cases mentioned were of women who tested positive during the 

third trimester of pregnancy or in the postnatal period and only little is known 
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about the effect of COVID-19 during early pregnancy. Valdespino-Vázquez et 

al. (2021) reported a miscarriage of a twin pregnancy during the first trimester 

and found SARS-CoV-2 protein and RNA as well as inflammatory damage in 

the placenta and fetal organs. Another case report by Shende et al. (2021) on 

an asymptomatic woman who tested positive at eight weeks of gestation 

showed that SARS-CoV-2 infection can persist in the placenta despite her 

throat swab being negative after five weeks. Not only were viral RNA and 

protein found in the placenta, amniotic fluid and fetal membranes, but the fetus 

also died of hydrops fetalis (Shende et al., 2021). While these reports shed light 

on the effects of COVID-19 during the first trimester, a blind window remains. 

As most pregnancies go unnoticed during very early pregnancy, studying the 

effects of SARS-CoV-2 on decidualization and implantation is challenging. 

We show for the first time in an in vitro experiment that SARS-CoV-2 can infect 

the human endometrium, thus our results support the likelihood of vertical 

transmission. These findings may be somewhat limited by the lack of embryonic 

cells in our spheroid model. Further experiments are required to confirm our 

findings. 

Infection by SARS-CoV-2 can lead to pregnancy complications through several 

mechanisms. By infecting the unborn, the virus can directly evoke early-onset 

COVID-19 in neonates causing fever and cough, but also more severe 

symptoms, such as respiratory distress or multi-organ failure, which require 

treatment in the ICU and are potentially lethal (Cui et al., 2021, Allotey et al., 

2020). Furthermore, SARS-CoV-2 cell entry depends on interaction with ACE2 

and subsequent endocytosis, which leads to downregulation of ACE2 and its 

catalytic activity (Ou et al., 2020, Verdecchia et al., 2020). The resulting ACE2 

deficiency can dysregulate the maternal renin-angiotensin system and impair 

decidualization, placentation, uterine vascular remodeling as well as adequate 

blood flow (Azinheira Nobrega Cruz et al., 2021). Placentas of infected women 

also showed abnormal perfusion of fetal blood vessels and fetal vascular 

thrombosis (Pilarska et al., 2023). This notion is emphasized by the finding of 

increased disease severity in patients with comorbidities associated with ACE2 
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depletion, such as hypertension, heart failure and diabetes (Crackower et al., 

2002, Patel et al., 2016, Shiota et al., 2010). 

From these findings, the issue of how the endometrium or the placenta might be 

exposed to SARS-CoV-2 emerges. There are two conceivable ways: via the 

vagina and the cavum uteri (ascending infection from the apical side) or via the 

bloodstream (hematogenous infection from the basal side). This thought is 

reflected in our study of the polarity of the endometrial organoids in preparation 

for infection experiments. 

Ascending infections during pregnancy have mostly been described for 

bacteria, such as Chlamydia trachomatis (Bagheri et al., 2018) and group B 

streptococcus (Brokaw et al., 2021). The herpes simplex virus (HSV) is also 

known to cause ascending infections, however, mother-to-child transmission is 

highest during delivery and intrauterine infection of the fetus is rare (Straface et 

al., 2012). Genital infection, a prerequisite for ascending infection of the 

mentioned pathogens, has repeatedly not been detected in SARS-CoV-2 (Qiu 

et al., 2020, Takmaz et al., 2021, Fenizia et al., 2021, Erdem et al., 2023). 

Similarly, vaginal delivery of SARS-CoV-2 infected women is not associated 

with a higher risk of intrapartum transmission (Ferrazzi et al., 2020, 

Rottenstreich et al., 2021). Hence, in utero transmission of ascending SARS-

CoV-2 infection seems unlikely. 

Most transplacental viral infections occur through the blood, including 

cytomegalovirus (CMV) (Périllaud-Dubois et al., 2021), hepatitis B and C (Wen 

et al., 2013, Pan et al., 2022), human immunodeficiency virus (HIV) (le Roux et 

al., 2019) and Zika virus (Pomar et al., 2021). These infections cause viremia, 

meaning viral presence in the blood, that can lead to the spread of the virus 

from the original site of infection to other organs. Several studies have 

described low rates of SARS-CoV-2 viremia and its association with disease 

severity and death (Li et al., 2021, Jacobs et al., 2022, Hagman et al., 2022). 

During pregnancy, SARS-CoV-2 viremia is linked to vertical transmission, 

placentitis and stillbirth (Vivanti et al., 2020, Mithal et al., 2022). It is therefore 

feasible, that transient viremia may lead to in utero infection of the fetus. 
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4.4.2 Cytokines in Endometrial Spheroids Infected with SARS-CoV-2 

The <cytokine storm= plays a pivotal role in the pathophysiology of COVID-19 

(Ragab et al., 2020). It is characterized by an excessive release of 

proinflammatory cytokines, which subsequently leads to organ damage 

(Chousterman et al., 2017). Therefore, we were interested in the pattern of 

cytokine secretion from endometrial spheroids with and without infection. Of the 

13 assayed cytokines, MCP-1 and IL-8 were above detection level. 

Levels of monocyte chemoattractant protein 1 (MCP-1) were significantly 

increased in all infected spheroid samples. MCP-1 is a proinflammatory 

chemotactic cytokine and promotes recruitment as well as infiltration of 

macrophages from bloodstream into tissue (Singh et al., 2021). MCP-1 was 

among the cytokines found to be elevated in plasma from COVID-19 patients 

with ICU admission compared to non-ICU patients (Huang et al., 2020). High 

levels of MCP-1 were also detected in bronchoalveolar lavage fluid and 

peripheral blood mononuclear cells of COVID-19 patients, which is consistent 

with the accumulation of macrophages found in lung autopsies (Xiong et al., 

2020, Yao et al., 2021). Notably, MCP-1 not only attracts macrophages but also 

other inflammatory cells, such as T cells and NK cells (Carr et al., 1994, 

Allavena et al., 1994). MCP-1 is crucial in the defense against viral infections 

including influenza, EBV and HIV (Julkunen et al., 2000, Gaudreault et al., 

2007, Eugenin et al., 2003). When MCP-1 was blocked and macrophage 

recruitment was impeded, alveolar damage caused by influenza was further 

aggravated, which highlights the protective function of MCP-1 (Narasaraju et al., 

2010). 

In addition to infections, MCP-1 is also involved in oxidative stress, insulin 

resistance, multiple sclerosis, tumor angiogenesis, rheumatoid arthritis and 

many other diseases (Deshmane et al., 2009, Singh et al., 2021). In the human 

endometrium, MCP-1 is found in endometrial epithelial, endothelial as well as 

decidual cells whereas its receptor CCR2 is present in the blastocyst 

(Caballero-Campo et al., 2002, Dimitriadis et al., 2005). Expression of 

endometrial MCP-1 fluctuates throughout the menstrual cycle with high 

premenstrual levels and low periovulatory levels, which is reflected in the 
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number of endometrial macrophages (Arici et al., 1999). These cyclic changes 

might be regulated by sex hormones, which is supported by the observation that 

estrogen inhibits MCP-1 expression in endometrial stromal cells (Arici et al., 

1999). During early pregnancy, MCP-1 is highly expressed in the decidua and 

might play a role in regulating the immune system at the maternal-fetal interface 

by suppressing the cytotoxicity of NK cells (He et al., 2007, Xu et al., 2012). 

However, elevated levels of MCP-1 in the amniotic fluid and cervix are also 

associated with preterm birth with or without infection as well as with pregnancy 

loss (Esplin et al., 2005, Törnblom et al., 2005, Chaiworapongsa et al., 2002). 

These findings indicate that while critical for immune defense and balance 

during pregnancy, dysregulation of MCP-1 might have deleterious effects. 

Another detected cytokine in our experiment, interleukin 8 (IL-8), was elevated 

in decidualized samples, particularly 48 h post-infection (day 7 of 

decidualization treatment). IL-8 is a cytokine that stimulates chemotaxis and 

phagocytosis mainly in neutrophils but also in macrophages (Teijeira et al., 

2021, Beste et al., 2015). IL-8 is involved in mechanisms of both acute and 

chronic inflammation (Harada et al., 1994, Kienhorst et al., 2015). Hence, 

treatment with anti-IL-8 antibodies or IL-8 receptor blockers might be beneficial 

in ischemia, rheumatoid arthritis and breast cancer, among others (Villa et al., 

2007, Morita et al., 2019, Alraouji and Aboussekhra, 2021). Concerning COVID-

19, IL-8 is among the cytokines found to be elevated in patient plasma (Huang 

et al., 2020). 

During pregnancy, IL-8 is present in fetal and maternal tissues (Saito et al., 

1994). Throughout the menstrual cycle, IL-8 is increased in the mid- and late 

secretory phase compared to low levels during the proliferative and early 

secretory phase (Wolff et al., 2000). This is in accordance with the increase in 

IL-8 that we observed in the supernatant of decidualized endometrial spheroids, 

especially in the 48 h samples. The finding that progesterone upregulates 

immunoreactive levels of IL-8 in endometrial epithelial cells further supports this 

notion (Caballero-Campo et al., 2002). However, the number of leukocytes in 

the endometrium, which may be attracted by IL-8, is highest around the time of 
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menstruation after a drop in progesterone levels (Salamonsen and Lathbury, 

2000). 

Other cytokines frequently increased during SARS-CoV-2 infection, such as IL-

6 or TNF, were measured in the endometrial spheroids but below detection 

level (Wang et al., 2020a). This discrepancy might exist because the 

overproduction of cytokines seen in COVID-19 originates mostly from immune 

cells (Song et al., 2020). Nonetheless, our results indicate a local inflammatory 

process in the endometrium during SARS-CoV-2 infection. 

This finding is of utmost importance because not only the pathogen itself but 

also the inflammatory response it elicits can have harmful effects on the 

developing fetus (Adams Waldorf and McAdams, 2013). Intrauterine 

inflammation and elevated levels of proinflammatory cytokines can lead to 

preterm birth, fetal organ damage and spontaneous abortion (Esplin et al., 

2005, Törnblom et al., 2005, Chaiworapongsa et al., 2002, Adams Waldorf and 

McAdams, 2013, Yockey and Iwasaki, 2018). Commonly described pathological 

placental abnormalities include the triad of histiocytic intervillositis, perivillous 

fibrin deposition and trophoblast necrosis, defined as <SARS-CoV-2 placentitis= 

by Watkins et al. (2021). Notably, only aspects of local inflammation were 

discussed and deleterious effects of systemic inflammation during pregnancy 

should also be taken into consideration (Calleja-Agius et al., 2011, Germain et 

al., 2007). 

 

4.4.3 Changes in Gene Expression in Endometrial Spheroids Infected 

with SARS-CoV-2 

To analyze the effect of SARS-CoV-2 infection and decidualization on the 

endometrial spheroids, we conducted RNA sequencing and identified 

differentially expressed genes, which were used for principal component 

analysis (PCA) and gene ontology (GO) enrichment analysis. 

The effect of infection on gene expression can be observed by pairwise 

comparison of non-infected and infected spheroids whereas differential 
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expression between non-decidualized and decidualized spheroids indicates the 

effect of decidualization. As illustrated by the PCA, the four experimental groups 

form three distinct clusters. While non-decidualized non-infected and infected 

spheroids are grouped together, they are clearly separated from the 

decidualized non-infected as well as the decidualized infected spheroids. This 

pattern is also visualized in the heat map with dendrograms and explains, why 

the comparison between non-decidualized infected and non-decidualized non-

infected samples yielded the lowest number of DEGs. These findings suggest 

that decidualization has a significant impact on the transcriptome and that 

SARS-CoV-2 significantly alters the gene expression signature, particularly in 

decidualized endometrial spheroids. 

GO enrichment analysis and pathway annotation were employed to identify the 

molecular pathways and biological processes associated with decidualization 

and SARS-CoV-2 infection in the endometrium. Mainly, DEGs were found to be 

enriched in immune response, embryonic development and hematovascular 

function as well as cellular structure and carbohydrate metabolism. 

Surprisingly, we observed enrichment for genes related to the immune system 

in both upregulated and downregulated DEGs caused by infection and/or 

decidualization. One possible interpretation of this seemingly contradictory 

finding is the complexity of the endometrial immune system, which is tightly 

regulated by numerous autocrine and paracrine factors. The DEGs were 

associated with the innate (e.g., inflammatory response, neutrophil activation) 

and adaptive (e.g., humoral immunity) immune system or both (e.g., leukocyte 

activation, cytokine production). While SARS-CoV-2 infection resulted in a 

downregulation of genes associated with immune response in the spheroids 

regardless of decidualization status, decidualization exhibited a dual effect on 

these DEGs. During pregnancy, the immune system is modulated to balance 

tolerance of the semi-allogenic conceptus and defense against pathogens 

(Thellin and Heinen, 2003). These changes not only occur on a systemic level 

but also in the endometrial microenvironment. The effect of SARS-CoV-2 

infection and decidualization on the expression of individual genes associated 

with the immune system are discussed in detail below. 
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Further, an upregulation of DEGs associated with TGF-³ signaling was found 

after decidualization in non-infected spheroids but not in infected spheroids. A 

study by Kim et al. (2006) illustrated the role of the transforming growth factor ³ 

in decidualization. Progesterone was shown to increase TGF-³1 in endometrial 

epithelial cells, which in turn induced decidualization in endometrial stromal 

cells. Moreover, members of the TGF-³ superfamily were identified in secretory 

phase endometrial cells and their inhibition resulted in impaired decidualization 

(Stoikos et al., 2008). In COVID-19, induction of TGF-³ leads to chronic immune 

reaction and vascular leak (Ferreira-Gomes et al., 2021, Biering et al., 2022). 

Thus, dysregulation of TGF-³ signaling by SARS-CoV-2 infection is a potential 

mechanism for reproductive failure. 

Similarly, the TNF signaling pathway was downregulated in decidualized non-

infected but not in decidualized infected spheroids. The tumor necrosis factor ³ 

is an inflammatory cytokine, which is expressed highly in the endometrium 

during the menstrual phase (Tabibzadeh et al., 1999). Elevated levels of TNF-³ 

are linked to pregnancy complications including preeclampsia, gestational 

diabetes and recurrent pregnancy loss (Anim-Nyame et al., 2003, Xu et al., 

2014, Li et al., 2016). TNF-³ is increased in COVID-19 patients and associated 

with disease severity and mortality (Karki et al., 2021, Del Valle et al., 2020). 

High levels of TNF-³ due to SARS-CoV-2 infection could therefore be harmful 

during pregnancy. 

Enrichment of genes involved in embryonic development was found, including 

Fan embryonic CTX brain myeloid (Fan et al., 2018) and Descartes fetal 

cerebrum vascular endothelial cells (Cao et al., 2020), which were both 

upregulated in non-decidualized infected compared to non-decidualized non-

infected spheroids. Further, downregulated DEGs in decidualized infected 

compared to non-decidualized infected spheroids were associated with skeletal 

system development. The relevance of the differential expression of genes 

associated with this category due to infection or decidualization in the 

endometrium needs to be validated by further studies. 
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Our analysis revealed enrichment of genes involved in hematovascular function. 

Negative regulation of vascular permeability and hemopoiesis were associated 

with upregulated DEGs in decidualized infected compared to non-decidualized 

infected spheroids. Normal endometrial vascular function is crucial for 

successful placentation and healthy pregnancy (Staff et al., 2022). Remodeling 

of uterine spiral arteries occurs during the secretory phase of the menstrual 

cycle and during early pregnancy (Robson et al., 2012), which supports our 

finding of differential expression due to decidualization. Our observation of the 

distinct effect of decidualization on non-infected and infected spheroids 

indicates a possible dysregulation of this complex process due to SARS-CoV-2 

infection. This could explain the elevated risk of preeclampsia, a complication 

with abnormal placentation and maternal hypertension, in pregnant women 

infected with SARS-CoV-2 (Conde-Agudelo and Romero, 2022). The underlying 

pathogenesis might be linked to ACE2 depletion and RAS dysregulation caused 

by SARS-CoV-2 infection with subsequently impaired placentation, vascular 

remodeling and fetal perfusion (Azinheira Nobrega Cruz et al., 2021, Pilarska et 

al., 2023). 

Further, decidualization increased the expression of genes associated with 

hemostasis in both non-infected and infected spheroids. This result is consistent 

with the increase in hemostatic proteins during decidualization, including tissue 

factor and plasminogen activator inhibitor type 1 (Christian et al., 2001, Schatz 

and Lockwood, 1993). The importance of hemostasis during pregnancy is 

highlighted by Lykke et al. (2010), who observed a higher risk for preterm birth, 

placental abruption and recurrent bleeding in women with first-trimester vaginal 

bleeding. 

Several other enriched genes were identified in the decidualized spheroids, 

including those involved in cell morphology and ECM structure, secretion and 

exocytosis, lipid and carbohydrate metabolism as well as hormone regulation, 

response to wounding and immune response. Similar changes in 

transcriptomics during decidualization have been reported elsewhere (Giudice, 

2004, Altmäe et al., 2017) and additional genes associated with cell cycle, 

vasoregulation and complement activation have been described. Hence, our 
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findings reflect the extensive morphologic, metabolic and endocrine remodeling 

of the endometrium during decidualization. Notably, the changes in gene 

expression evoked by decidualization differed between non-infected and 

infected spheroids. This might indicate a disruption of healthy decidualization by 

SARS-CoV-2, which could contribute to pregnancy complications, such as 

implantation failure, preeclampsia and fetal growth restriction (Zhou et al., 

2019a, Gellersen et al., 2007). The clinical relevance of these distinct gene 

expression profiles ought to be validated in future studies. 

To verify our RNA-seq results, qPCR was performed. Overall, the qPCR results 

matched the RNA-seq data and found similar effects of decidualization and/or 

infection on the tested genes. However, several genes were found to be 

significantly differentially expressed through qPCR, which were not identified 

through RNA-seq. This discrepancy could be attributed to a smaller sample size 

as well as the Benjamini-Hochberg adjustment of the p-value for multiple 

testing, resulting in a more conservative statistical threshold in RNA-seq. 

While GO enrichment analysis and pathway annotation shed light on possible 

dysregulation of endometrial processes, the following section focuses on 

individual genes. In three of the tested genes (CCL20, CD38 and LCN2) 

infection led to a downregulation in non-decidualized spheroids but not in the 

decidualized ones. 

Chemokine (C-C motif) ligand 20 (CCL20) is a chemokine that stimulates 

lymphocytes as well as neutrophils to migrate towards the site of inflammation 

(Zhao et al., 2014, Kwantwi et al., 2021). An interesting feature of CCL20 is its 

ability to promote both immunotolerance and inflammation by recruiting 

immunosuppressive as well as proinflammatory T cells (Comerford et al., 2010). 

In the context of infection, CCL20 has direct antimicrobial and antiviral activity 

(Yang et al., 2003, Ghosh et al., 2009). Furthermore, CCL20 also plays an 

important role in the immune system and lack of CCL20 receptor CCR6 results 

in an impaired humoral immune response against rotavirus infection (Cook et 

al., 2000). If CCL20 is downregulated during infection with Cryptosporidium 

parvum, clearance of the parasite is impeded (Guesdon et al., 2015). In contrast 
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to our results, others reported high levels of CCL20 in the lungs during SARS-

CoV-2 infection (Saris et al., 2021, Maxwell et al., 2021). 

Regarding CCL20 in the endometrium, Park et al. (2019) described an 

upregulation in the porcine endometrium during early pregnancy, especially in 

glandular and luminal epithelial cells. In the ovary, a periovulatory induction of 

CCL20 is found, which correlates with progesterone production (Al-Alem et al., 

2015). However, other studies suggest a lack of or even an inhibitory effect of 

progesterone on CCL20 in endometrial epithelial cells (Haddad and Wira, 2014, 

Mita et al., 2017). No data was found on the effect of decidualization or 

progesterone on CCL20 expression in stromal cells. 

The second gene, which displayed a similar dynamic, encodes Cluster of 

Differentiation 38 (CD38), a transmembrane protein involved in the 

differentiation, activation and proliferation of T cells (Kar et al., 2020). In 

addition, it functions as an enzyme participating in the regulation of intracellular 

calcium levels and, thus, plays a vital role in various cell functions (De Flora et 

al., 2004). In infections, CD38 is a key component of innate and adaptive 

immune responses (Glaría and Valledor, 2020). Upregulation of CD38 is seen 

in bacterial and viral infections and leads to the activation of macrophages and 

dendritic cells (Matalonga et al., 2017, Schiavoni et al., 2018). Through calcium 

signaling, CD38 promotes the elimination of pathogens through phagocytosis 

(Kang et al., 2012). In CD38-deficient mice, higher susceptibility to bacterial 

infections was observed, which is consistent with the finding that respiratory 

infections are the most frequent adverse effect under treatment with 

daratumumab, an antibody targeting CD38 (Partida-Sánchez et al., 2001, 

Mateos et al., 2020). Strikingly, patients undergoing anti-CD38 immunotherapy 

had a higher risk of SARS-CoV-2 infection after vaccination due to impaired 

immune response (Henriquez et al., 2022). 

Only little information is available on the role of CD38 in the endometrium. The 

number of CD38-positive granulated lymphocytes is increased in the late-

secretory phase endometrium (Bulmer et al., 1991). During pregnancy, 

progesterone activates the immune system and levels of CD38 are increased 
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(Shah et al., 2018). No data on the association between CD38 and endometrial 

stromal or epithelial cells was found. 

LCN2, which encodes for lipocalin 2 (LCN2), was also downregulated in the 

non-decidualized spheroids infected with SARS-CoV-2. LCN2 is a glycoprotein 

and part of the innate immune system (Abella et al., 2015). Through 

sequestration of iron, LCN2 inhibits iron-dependent growth of bacteria, thus, 

functioning as a bacteriostatic agent during acute bacteremia (Flo et al., 2004). 

Furthermore, LCN2 has a regulatory role in cellular immunity by increasing the 

expression of tolerogenic HLA-G on T helper cells and by stimulating the 

expansion of T regulatory cells (La Manna et al., 2014). Proinflammatory 

cytokines IL-17 and TNF-³ induce LCN2 expression and LCN2 deficiency is 

associated with lower inflammation, which makes it a potential therapeutic 

target in autoimmune diseases (Karlsen et al., 2010, Nam et al., 2014). 

Unlike CCL20 and CD38, LCN2 was significantly upregulated in decidualized 

samples regardless of infection. This result is consistent with an increase in 

LCN2 expression during early pregnancy (Haneda et al., 2017, Hayes et al., 

2018). LCN2 in the uterine fluid is also suggested to be a marker for 

endometrial receptivity (Kasvandik et al., 2019). Liu et al. (2016) showed that 

LCN2 is increased during decidualization, which is controlled by progesterone. 

Regarding infections of the female reproductive tract, LCN2 is involved in the 

inflammatory response induced by bacterial lipopolysaccharides and in 

Chlamydia trachomatis infection (Liu et al., 2016, Wan et al., 2014). Moreover, 

lower plasma levels of LCN2 are found in preeclamptic patients compared to 

healthy pregnancies (Cemgil Arikan et al., 2011). 

We found a downregulation of several genes in the endometrial spheroids upon 

infection with SARS-CoV-2. CCL20, CD38 and LCN2 are all involved in 

inflammation and immune responses against pathogens. Downregulation of 

these protective factors is a potential way for SARS-CoV-2 to evade the 

immune system by impeding the innate immune response. Notably, SARS-CoV-

2 infection differentially impacts decidualized and non-decidualized endometrial 

cells. As to why CCL20, CD38 and LCN2 are not downregulated in infected 
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spheroids after decidualization treatment, a possible explanation is that 

progesterone might counteract this effect. During the secretory phase of the 

menstrual cycle, an accumulation of macrophages, neutrophils and T cells as 

well as an increase of MCP-1 is found (Russell et al., 2013, Thiruchelvam et al., 

2013, Hafner et al., 2013). Progesterone promotes an increase in multiple 

chemokines, molecules of the innate immune system, pattern recognition 

receptors and antimicrobial peptides, which play a key role in defense against 

infection (King and Critchley, 2010, Hafner et al., 2013, Wan et al., 2014). At the 

same time, progesterone modulates the immune system during pregnancy 

towards immunotolerance of the fetus by reducing inflammation and cytotoxicity 

of T cells (Shah et al., 2018). 

We detected another gene, which was downregulated upon infection in the 

endometrial spheroids. VTCN1 was highest in the control group as both 

decidualization and infection decreased its expression. The V-set domain-

containing T-cell activation inhibitor 1, also known as B7-H4, is a negative 

regulator of T cell immunity and an immune checkpoint inhibitor (Zhang and 

Zheng, 2020). Thus, expression of VTCN1 in numerous cancer types is 

associated with immune escape and poor prognosis (Janakiram et al., 2017). 

VTCN1 modulates immune response to infection and deficiency slightly 

promotes T cell response and augments neutrophil growth (Suh et al., 2006, 

Zhu et al., 2009). Our result of VTCN1 downregulation in SARS-CoV-2 infection 

is supported by the finding that infection with Toxoplasma gondii also has a 

decreasing effect (Sun et al., 2022). This downregulation might be a protective 

mechanism to promote a stronger immune response, mainly from the adaptive 

immune system. 

The downregulation of VTCN1 in the decidualized samples, that we observed, 

is supported by the finding that VTCN1 expression is higher during the 

secretory phase of the menstrual cycle than in the proliferative phase (Qin et al., 

2021). Furthermore, high concentrations of progesterone downregulate VTCN1 

expression (Young et al., 2017). During menstruation, which is induced by 

progesterone withdrawal, VTCN1 was also described to be upregulated (Paiva 

et al., 2016). In the course of pregnancy, levels of soluble VTCN1 change and 
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are highest during the second trimester (Mach et al., 2022). This implies a 

dynamic in regulatory T cell function, which is yet to be elucidated. 

Among the tested genes, NR4A3 was upregulated upon SARS-CoV-2 infection. 

It encodes for a nuclear receptor and functions as an intracellular transcription 

factor known as NR4A3 or NOR-1 (Martínez-González et al., 2021). Several 

stimuli are known to induce NR4A3, including mechanical stress, 

lipopolysaccharides, cytokines and oxidized lipids (Bandoh et al., 1997, Pei et 

al., 2005). NR4A3 is associated with proinflammatory effects, neutrophil 

activation and survival, mast cell activation and monocyte-derived dendritic cell 

differentiation (Ma et al., 2020, Prince et al., 2017, Lundequist et al., 2011, 

Boulet et al., 2019). However, NR4A3 can also limit inflammation, as described 

in the cardiovascular system (Bonta et al., 2006, Calvayrac et al., 2015, Jiang et 

al., 2019). The role of NR4A3 during infection is not well understood and 

varying results were found, namely, downregulation through Mycobacterium 

tuberculosis and Zika virus infection, but upregulation during Streptococcus equi 

infection (Saini et al., 2018, Alpuche-Lazcano et al., 2021, von Beek et al., 

2019). Notably, Phelan et al. (2021) used transcriptional profiling to identify that 

loss of NR4A3 shifted the transcriptomic profile towards an increase in 

interferon and viral response. Thus, upregulation of NR4A3 in SARS-CoV-2 

infection might have implications on dampened immune response of the 

endometrium. 

The role of NR4A3 in the endometrium was illustrated by a study from Jiang et 

al. (2016). They showed that NR4A3, along with other members of the NR4 

receptor group, induces prolactin and IGFBP-1 expression in endometrial 

stromal cells during decidualization by targeting FOXO1A. With this in mind, it is 

not surprising that infected decidualized endometrial spheroids have a higher 

increase in NR4A3 than the infected non-decidualized. Interestingly, NR4A3 is 

also upregulated in decidual cells through IL-1³, an embryonic factor that 

promotes implantation and full decidualization (Guzeloglu-Kayisli et al., 2015, 

Geisert et al., 2012). 



 126 

In decidualized spheroids, LEFTY1 was upregulated and infection did not 

significantly impact its expression. The left-right determination factor 1, also 

known as LEFTYB, is a member of the TGF-³ superfamily and is important for 

left-right asymmetry determination during embryonic development (Zhang et al., 

2020, Meno et al., 1998). In support of our finding, others described LEFTY1 to 

be upregulated during decidualization and after progesterone treatment (Li et 

al., 2014, Fei et al., 2017). However, in mice, LEFTY1 is highest during the 

proestrus phase, when progesterone levels are low, but is also increased during 

early pregnancy (Tang et al., 2005). Interestingly, low expression of LEFTY1 in 

placental villous tissue is linked to unexplained abortion, whereas 

overexpression inhibits decidualization and secretion of prolactin and IGFBP-1 

(Xue et al., 2017, Li et al., 2014). 

Finally, we observed an upregulation of IL1RL1, which encodes for Interleukin 1 

receptor-like 1 (also known as ST2) due to decidualization. IL-33, the ligand for 

IL1RL1, is released after cell or tissue damage and this signaling pathway is 

involved in immunity, inflammation, allergic reactions, viral infection and cancer 

(Cayrol and Girard, 2022). Similar to our findings, Granne et al. (2011) 

described an increase in soluble IL1RL1 in the third trimester of normal 

pregnancies and placental secretion of the receptor. Importantly, dysregulation 

of the IL-33/IL1RL1 pathway is associated with recurrent spontaneous abortion 

(Zhao et al., 2021, Salker et al., 2012), miscarriage (Kaitu'u-Lino et al., 2012) 

and preeclampsia (Granne et al., 2011). 

Taken together, we found that SARS-CoV-2 infection caused downregulation in 

four genes (CCL20, CD38, LCN2 and VTCN1) and upregulation in one gene 

(NR4A3) in the endometrial spheroids. Notably, gene expression was altered to 

varying degrees between non-decidualized and decidualized endometrial 

spheroids. LEFTY1 and IL1RL1 were not significantly affected by infection but 

increased through decidualization. 

Pregnancy requires a well-calibrated balance between immunotolerance of the 

conceptus and defense against pathogens (Thellin and Heinen, 2003). During 

the first trimester, the endometrium presents a proinflammatory setting and the 
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immune system shifts towards innate immune responses (Cornish et al., 2020). 

The innate immune system is the first line of defense when pathogens invade 

the body; it comprises anatomical barriers (e.g., skin, mucosa), immune cells 

(macrophages, dendritic cells, granulocytes and natural killer cells) and the 

complement system (McComb et al., 2019). By binding of pathogen-associated 

molecular patterns (PAMPS), immune cells are activated and elicit an 

inflammatory response as well as activation of the adaptive immune system 

(McComb et al., 2019). In the context of viral infection, the innate immune 

system plays a key role in inhibiting viral replication, eliminating the virus and 

restricting widespread disease (Cornish et al., 2020). 

Our results imply a downregulation in several genes associated with the innate 

immune system after SARS-CoV-2 infection. CCL20 has direct antimicrobial 

and antiviral activity as well as chemotactic functions in the migration of 

lymphocytes and neutrophils (Yang et al., 2003, Ghosh et al., 2009, Zhao et al., 

2014, Kwantwi et al., 2021). An important role of CD38 is seen in the activation 

of macrophages and dendritic cells as well as in the elimination of pathogens 

through phagocytosis (Matalonga et al., 2017, Schiavoni et al., 2018, Kang et 

al., 2012). LCN2 functions as a bacteriostatic agent during acute bacteremia 

and promotes inflammation (Flo et al., 2004, Nam et al., 2014). Furthermore, 

NR4A3 was upregulated, which may lead to reduced effectiveness in viral 

response (Phelan et al., 2021). Dysregulation in these components could be a 

novel way for SARS-CoV-2 to evade the innate immune system. 

In contrast, VTCN1 expression was lower in infected spheroids, which could 

promote T cell response and might be a protective mechanism (Zhang and 

Zheng, 2020). Downregulation of VTCN1 causes heightened activation of the 

adaptive immune system, which might lead to tissue damage, as seen in 

autoimmune diseases (e.g., diabetes, nephritis, Sjögren9s syndrome) 

(Kamimura et al., 2009, Wei et al., 2011, Wang et al., 2011, Pawar et al., 2015, 

Zheng et al., 2020). Thus, VTCN1 can be a double-edged sword and its role in 

viral immune response should be further explored. 
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SARS-CoV-2 is known to impair innate immune response by inhibiting early 

type 1 interferon response, which allows unimpeded viral replication and spread 

(Brodin, 2021, Arunachalam et al., 2020). To cope with increasing viral load and 

tissue damage, the immune system subsequently reacts with 

hyperinflammation, which might lead to the cytokine storm observed in severe 

COVID-19 (Lowery et al., 2021, Brodin, 2021). This might partially explain better 

COVID-19 outcomes in female patients, who are known to mount faster and 

stronger immune responses during infections (Zhou et al., 2020a, Klein and 

Flanagan, 2016). Toll-like receptor 7, which is encoded on the X-chromosome 

and known to escape gene silencing, recognizes single-strand viral RNA and 

triggers a type 1 interferon response (Diebold et al., 2004, Souyris et al., 2018, 

Khanmohammadi and Rezaei, 2021). Our results shed light on potential 

mechanisms of impaired innate immune response by SARS-CoV-2 in the 

human endometrium. Interestingly, this pattern of dysregulation was less 

pronounced in the decidualized spheroids. While it has been described that 

therapy targeting CD38 results in a higher risk of SARS-CoV-2 infection despite 

vaccination (Henriquez et al., 2022), the effects of differential CCL20, LCN2 and 

NR4A3 expression have not been described yet in the context of COVID-19. 

 

4.5 Conclusion and Outlook 

This study aimed to analyze the effect of SARS-CoV-2 infection in the human 

endometrium. It was shown that endometrial cells express the key entry factors 

of SARS-CoV-2 ACE2 and TMPRSS2 and that decidualization results in an 

increase of ACE2. A novel, three-dimensional spheroid model of the human 

endometrium was established and characterized. In addition, human 

endometrial organoids were cultured and an apical out assay was conducted. In 

contrast to endometrial monolayer and spheroid cultures, the organoids did not 

express ACE2 and infection experiments with SARS-CoV-2 remained 

inconclusive. SARS-CoV-2 infects both non-decidualized and decidualized 

endometrial spheroids. Upon infection, an inflammatory response is elicited with 

a significant increase in MCP-1 levels. The cytokine IL-8 was upregulated in 
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decidualized spheroids. Further, SARS-CoV-2 infection affects the gene 

expression to varying degrees between non-decidualized and decidualized 

endometrial spheroids. Enrichment of DEGs related to the immune system, 

hematovascular function as well as different aspects of decidualization were 

observed. Genes associated with the innate immune system (CCL20, CD38, 

LCN2 and NR4A3) were dysregulated as a potential mechanism for immune 

evasion of SARS-CoV-2. An upregulation in VTCN1, associated mainly with the 

adaptive immune system, was found. In summary, SARS-CoV-2 infection can 

occur in the human endometrium, leading to a plethora of possibly harmful 

effects on pregnancy (Figure 4-3). 

 

 

Figure 4-3: Potential Harmful Effects of SARS-CoV-2 Infection during Pregnancy. SARS-CoV-2 can 
directly infect the unborn, leading to early-onset COVID-19. Infection can also cause downregulation of 
ACE2, which can result in a dysregulation of maternal RAS as well as impairing decidualization of 
endometrial stromal cells. Furthermore, COVID-19 has been associated with placental pathology, which 
may impact the nutrient supply and growth of the fetus. MCP-1 is upregulated in the endometrium after 
infection, potentially promoting infiltration of macrophages and inflammation, thus, increasing the risk for 
preterm birth and pregnancy loss. Several genes associated with the innate immune system are 
dysregulated after SARS-CoV-2 infection, which might be a novel mechanism of immune evasion. Created 
with BioRender.com. 
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As we have shown, ACE2 increases during decidualization. Further research is 

needed to fully understand its role in the endometrium and during pregnancy. A 

possible regulatory role of the JAK/STAT pathway for ACE2 expression in the 

endometrium was proposed, which needs to be investigated by future studies. 

While it is known that knockdown of ACE2 results in deficient decidualization, its 

exact function remains to be elucidated. 

While endometrial stromal cell decidualization has been studied extensively, 

only little is known about the effect of progesterone and cAMP on endometrial 

epithelial cells. We found a downregulation of prolactin after treatment, the 

physiological meaning of which needs to be clarified in further studies. The 

endometrial spheroid model is a useful tool for exploring the interaction between 

epithelial and stromal cells in the context of physiology and pathology. 

A major limitation of our results is the absence of embryonic tissue in our model. 

Future advancements of the endometrial spheroids could include coculturing 

with embryonic cells or spheroids. This would mimic the maternal-fetal interface 

more closely and allow interactions of higher complexity. 

To develop a deeper understanding of the mechanisms of SARS-CoV-2 vertical 

transmission and to further validate endometrial spheroids as an in vitro model, 

future research could compare our findings with the effect of pathogens known 

to be vertically transmitted. 

Additionally, additional studies are required to examine the clinical relevance of 

the cytokines and dysregulated genes that we described in the human 

endometrium infected by SARS-CoV-2. Whilst many reports on COVID-19 

during the third trimester exist, more data on its effect during early pregnancy 

and around the time of conception is required. Further research is urgently 

needed to provide adequate health care and evidence-based treatments for 

pregnant women. 
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5 Abstract 

The global outbreak of COVID-19 caused by SARS-CoV-2 has posed 

unprecedented challenges to public health. SARS-CoV-2 infection during 

pregnancy has been associated with an elevated risk of preterm birth and 

miscarriage, while the potential for intrauterine transmission remains uncertain. 

The primary objectives of this thesis are to confirm the presence of key SARS-

CoV-2 entry factors in the endometrium and to investigate the impact of 

decidualization on their expression. Further, it seeks to establish 3D spheroids 

as a novel in vitro model of the endometrium to determine the susceptibility of 

endometrial cells to SARS-CoV-2 and to assess the endometrial 

pathophysiology of SARS-CoV-2 infection on a molecular level. 

The liquid-overlay technique was employed to establish 3D endometrial 

spheroids using human endometrial stromal cells and the Ishikawa cell line. 

Endometrial organoids, derived from primary stem cells of endometrial biopsies, 

were cultured and compared to the spheroids. Decidualization was induced with 

8-bromo-cAMP and medroxyprogesterone to mimic in vivo conditions during 

pregnancy. The expression of decidualization markers (PRL, IGFBP1 and 

HSD11B1) as well as SARS-CoV-2 entry factors (ACE2 and TMPRSS2) were 

assessed with qPCR and western blotting. Infection experiments involving a 

recombinant virus strand expressing mNeonGreen and authentic SARS-CoV-2 

were conducted, followed by cytokine assays and RNA sequencing to evaluate 

the host response to viral invasion. 

Our study revealed the presence of ACE2 and TMPRSS2 in endometrial cells 

as well as an increased expression of the former following decidualization. A 

novel endometrial spheroid model was successfully established. Susceptibility 

to SARS-CoV-2 infection was demonstrated with ensuing inflammation and 

dysregulation of genes associated with immune response, hematovascular and 

cellular functions. Changes in gene expression varied between non-

decidualized and decidualized spheroids and genes associated with the innate 

immune system (CCL20, CD38, LCN2 and NR4A3) were dysregulated, 

constituting a potential mechanism for immune evasion of SARS-CoV-2. 
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These findings offer valuable insights into the possibility of vertical transmission 

of SARS-CoV-2 during pregnancy, closely aligning with the originally defined 

objectives. The endometrial spheroids provide a novel platform for studying viral 

interactions, which require further validation in studies using pathogens with 

known vertical transmission. Understanding the molecular mechanisms involved 

holds implications for the development of preventive and therapeutic 

interventions for pregnant patients with COVID-19. 
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6 Zusammenfassung 

Der globale Ausbruch von COVID-19, verursacht durch SARS-CoV-2, stellt eine 

beispiellose Herausforderung für die öffentliche Gesundheit dar. Eine Infektion 

mit SARS-CoV-2 während der Schwangerschaft wurde mit einem erhöhten 

Risiko für Früh- und Fehlgeburten in Verbindung gebracht, während die 

Möglichkeit einer intrauterinen Übertragung noch ungeklärt ist. Die Ziele dieser 

Arbeit sind die Bestätigung des Vorkommens der Eintrittsfaktoren für SARS-

CoV-2 im Endometrium und die Untersuchung des Einflusses der 

Dezidualisierung auf deren Expression. Zudem soll ein neuartiges in vitro-

Modell des Endometriums in Form von 3D-Sphäroiden etabliert werden, um die 

Anfälligkeit von Endometriumzellen für SARS-CoV-2 zu bestimmen und die 

pathophysiologischen Auswirkungen einer endometrialen SARS-CoV-2-

Infektion auf molekularer Ebene zu evaluieren. 

Die Liquid-Overlay-Technik wurde verwendet, um 3D-Sphäroide des 

Endometriums aus humanen endometrialen Stromazellen und der Ishikawa- 

Zelllinie zu generieren. Endometriale Organoide, aus primären Stammzellen 

von Endometriumbiopsien, wurden kultiviert und mit den Sphäroiden verglichen. 

Die Dezidualisierung wurde mittels 8-Bromo-cAMP und Medroxyprogesteron 

induziert, um die in vivo-Bedingungen während der Schwangerschaft zu 

simulieren. Die Expression von Dezidualisierungsmarkern (PRL, IGFBP1 und 

HSD11B1) sowie SARS-CoV-2-Eintrittsfaktoren (ACE2 und TMPRSS2) wurde 

mittels qPCR und Western Blot analysiert. Infektionsexperimente mit einem 

rekombinanten Virusstamm, der mNeonGreen exprimiert, sowie mit 

authentischen SARS-CoV-2-Viren wurden durchgeführt. Mittels Zytokin-Assays 

und RNA-Sequenzierung wurde die Reaktion der Wirtszelle auf die virale 

Invasion untersucht. 

Unsere Studie zeigte die Anwesenheit von ACE2 und TMPRSS2 in 

Endometriumzellen sowie eine erhöhte Expression von ACE2 nach 

Dezidualisierung. Ein neues endometriales Sphäroidmodell wurde erfolgreich 

etabliert. Die Anfälligkeit für eine SARS-CoV-2-Infektion wurde nachgewiesen. 

Diese geht mit einer Entzündungsreaktion und Dysregulation von Genen einher, 
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die mit der Immunantwort, hämatovaskulären und zellulären Funktionen 

assoziiert sind. Die Veränderungen in der Genexpression variierten zwischen 

nicht-dezidualisierten und dezidualisierten Sphäroiden und Gene, die mit dem 

angeborenen Immunsystem assoziiert sind (CCL20, CD38, LCN2 und NR4A3), 

waren dysreguliert. Dies ist ein potenzieller Mechanismus für die Immunevasion 

von SARS-CoV-2. 

Diese Ergebnisse liefern bedeutende Erkenntnisse zur Möglichkeit der 

vertikalen Übertragung von SARS-CoV-2 während der Schwangerschaft und 

erfüllen somit die anfänglich definierten Ziele. Endometriale Sphäroide stellen 

ein innovatives Modell für die Erforschung viraler Interaktionen dar und sollten 

in Studien mit bekannten vertikal übertragbaren Erregern weiter validiert 

werden. Das Verständnis dieser molekularen Mechanismen ist von zentraler 

Bedeutung für die Entwicklung präventiver und therapeutischer Interventionen 

für schwangere Patientinnen mit COVID-19. 
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8 Appendix 

8.1 Supplementary Data: Materials and Methods 

Supplementary Table 8-1: Endometrial Organoids Medium, for 30 ml 

Material Amount 

FGF-10, 20 g/ml 15 l 

EGF, 100 g/ml 15 l 

A 83-01, 5 mM 3 l 

N2 supplement, 100X 300 l 

B27 supplement 100X 600 l 

N-Acetyl-L-cystein, 500 mM 75 l 

Nicotinamide, 1 M 60 l 

SB202190, 5 mM 6 l 

Y-27632, 10 mM 30 l 

LWRN 10% conditioned medium (RN8) 3 ml 

Advanced DMEM/F-12 (containing 10 mM 

HEPES, 1% GlutaMAX and 1% 

antibiotic/antimycotic solution) 

25.92 ml 

 

Supplementary Table 8-2: Tri-Sodium Citrate Buffer, pH 6 

Material Amount 

Tri-sodium citrate dihydrate 2.94 g 

Distilled water Fill up to 1000 ml 

HCl Adjust pH to 6 

Tween 20 2.5 ml 
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Supplementary Table 8-3: Laemmli Buffer 2X, for 50 ml 

Material Amount 

0.5 M Tris buffer (pH 6.8) 10 ml 

20% SDS solution 5 ml 

Distilled water 19 ml 

Glycerol 10 ml 

0.1% Bromophenol blue 1 ml 

2-mercaptoethanol 5 ml 
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Supplementary Table 8-4: Hand Casted Electrophoresis Gel, Volume for Two Gels 

Material Amount 

Gel cassettes 2 

Separating Gel (10%) 

Acrylamide/Bis-solution 6.6 ml 

2 M Tris buffer (pH 8.8) 4 ml 

Distilled water 9.2 ml 

20% SDS solution 100 l 

10% APS 100 l 

TEMED 40 l 

Stacking Gel (4%) 

Acrylamide/Bis-solution 1.33 ml 

0.5 M Tris buffer (pH 6.8) 2.5 ml 

Distilled water 6.1 ml 

20% SDS solution 50 l 

10% APS 66.7 l 

TEMED 20 l 

 

Supplementary Table 8-5: Tris Buffered Saline Tween 20 (TBST) 

Material Amount 

Sodium chloride (NaCl) 17.5 g 

Trizma base 4.8 g 

Tween 20 2 ml 

Distilled water 2 L 
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8.2 Supplementary Data: Results 

 

Supplementary Figure 8-1: Full Western Blot for ACE2 and TMPRSS2 in 2D HESC and ISK Cells. 
Control (Contr.) and decidualized (Decid.) HESC and ISK were cultured in a monolayer. A western blot 
was performed for ACE2 (A, 120 kDa) and TMPRSS2 (B, 70 kDa) with GAPDH (C, 37 kDa) as a loading 
control and CACO-2 cells as a positive control. Rectangles indicate sections chosen for Figure 3-3. 
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Supplementary Figure 8-2: Comparison of Endometrial Spheroids Grown in Agarose-Coated or 
Ultra-Low Attachment Wells. Endometrial spheroids were cultured using the liquid-overlay technique 
either in agarose-coated wells (left) or in commercially available ultra-low attachment wells (right). 

Spheroids were imaged for 11 days through phase-contrast microscopy. The scale bar is 200 m. 
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Supplementary Figure 8-3: Additional Images of the Growth of Endometrial Spheroids. For 11 days, 
the growth of endometrial spheroids was monitored through phase-contrast microscopy. Images in one 
row represent one time point and images in one column represent the growth of a single spheroid. The 

scale bar is 200 m. Images are representative of at least 100 spheroids. 
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Supplementary Figure 8-4: Additional Images of Viability Assay of Endometrial Spheroids. After 
2 and 10 days in culture, respectively, endometrial spheroids were tested for viability using the LIVE/DEAD 
Viability/Cytotoxicity Kit. Live cells were stained with calcein-AM (green) and dead cells were stained with 
ethidium-homodimer-1 (red). DMSO- or ethanol-treated spheroids were used as dead control. The scale 

bar is 200 m. 
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Supplementary Figure 8-5: Additional Images of Immunostaining of Endometrial Spheroids for 
Cytokeratin 7 and Vimentin. Endometrial spheroids cultured for 7 days were stained for epithelial cell 
marker cytokeratin 7 (green) and stromal cell marker vimentin (red). The nuclei were counterstained with 

DAPI (blue). The scale bar is 200 m. 
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Supplementary Figure 8-6: Full Western Blot for ACE2 and TMPRSS2 in Endometrial Spheroids. A 
western blot was performed using protein isolates of control (C) and decidualized (D) endometrial 
spheroids. ACE2 (A, 120 kDa) and TMPRSS2 (B, 70 kDa) were determined. GAPDH (C, 37 kDa) was 
used as a loading control and CACO-2 cells as a positive control. Rectangles indicate sections chosen for 
Figure 3-12. 
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Supplementary Figure 8-7: Full Western Blot for ACE2 and TMPRSS2 in Endometrial Organoids. A 
western blot was performed using protein isolates of control (C) and decidualized (D) endometrial 
organoids. ACE2 (A, 120 kDa) and TMPRSS2 (B, 70 kDa) were determined. GAPDH (A, 37 kDa) was 
used as a loading control and CACO-2 cells as a positive control. Rectangles indicate sections chosen for 
Figure 3-16. 
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Supplementary Figure 8-8: Full Western Blot for SARS-CoV-2 Nucleocapsid Protein in Infected 
Basal Out Organoids. Non-decidualized (ND) and decidualized (Dec) basal out endometrial organoids 
were non-infected (NF) or infected (Inf) with SARS-CoV-2 B.1. Western blot was performed for SARS-
CoV-2 nucleocapsid protein (A, 49 kDa) with Actin (B, 42 kDa) as loading control. Rectangles indicate 
sections chosen for Figure 3-16. 

 



 192 

 

Supplementary Figure 8-9: Full Western Blot for SARS-CoV-2 Nucleocapsid Protein in Infected 
Apical Out Organoids. Non-decidualized (ND) and decidualized (Dec) apical out endometrial organoids 
were non-infected (NF) or infected (Inf) with SARS-CoV-2 B.1.617.2. Western blot was performed for 
SARS-CoV-2 nucleocapsid protein (A, 49 kDa). Rectangles indicate sections chosen for Figure 3-17. 
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Supplementary Figure 8-10: Full Western Blot for SARS-CoV-2 Nucleocapsid Protein in Infected 2D 
Cells. HESC and ISK cells cultured in a monolayer were non-infected (NF) or infected (Inf) with SARS-

CoV-2 B.1 (A). Non-decidualized (ND) and decidualized (Dec) ISK were non-infected (NF) or infected (Inf) 
with ic-SARS-CoV-2-mNG (mNG) or SARS-CoV-2 B.1 (WT). Western blot was performed for SARS-CoV-2 
nucleocapsid protein (49 kDa). Rectangles indicate sections chosen for Figure 3-18. 
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Supplementary Figure 8-11: Additional Images of Non-Infected and Infected Endometrial 
Spheroids. After 48 h of infection, endometrial spheroids were fixed and stained for ACE2 (green) and 

SARS-CoV-2 nucleocapsid protein (red). The scale bar is 200 m. 
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Supplementary Figure 8-12: Full Western Blot for SARS-CoV-2 Nucleocapsid Protein in Infected 
Endometrial Spheroids. Non-decidualized (Non-decid.) and decidualized (Decid.) endometrial spheroids 
were non-infected (Non-inf.) or infected (Inf.) with SARS-CoV-2 B.1.617.2. Western blot was performed for 
SARS-CoV-2 nucleocapsid protein (A, 49 kDa) with GAPDH (37 kDa) as a loading control. Overlay image 
(B) shows the protein ladder for reference. Rectangles indicate sections chosen for Figure 3-21. 

 



 196 

 
Supplementary Figure 8-13: Heat Map with Dendrogram of DEGs from Endometrial Spheroids 
Infected with SARS-CoV-2. A subset of selected DEGs from RNA-seq analysis are displayed as a heat 
map with each row representing an individual gene and each column representing a pairwise comparison 
of two experimental groups. A dendrogram shows similarity between the groups. The color scale indicates 
the gene expression levels, with red indicating upregulation and blue indicating downregulation. 
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