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Abstract
In addition to a number of scientific and medical questions about SARS-CoV-2 infection that still need to be answered, there is
also the question of how this highly virulent virus and COVID-19 disease affect gametogenesis in humans. Even more important
is the question of whether the virus can also enter and infect oocytes and possibly alter them in an unknownway, which could also
affect the development and status of the human embryo. The answers to these questions are still poorly known, so we reviewed
the human oocyte transcriptome and proteome obtained in our previous studies and found that human oocytes from the in vitro
fertilization program expressed both the ACE2 and BSG genes and the corresponding ACE2 and BSG proteins. This means that
human oocytes possess the molecular ‘machinery’ to facilitate SARS-CoV-2 entrance and infection. According to various
studies, especially in animal models, different viruses can infect oocytes, so infection of the oocyte with SARS-Cov-2 cannot
be completely ruled out. A hypothetical model of human oocyte infection with this virus has been proposed.
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Introduction

SARS-CoV-2 is becoming our reality, as COVID-19 affects
many people around the world. In a subset of patients, the
disease is more severe and manifests with involvement of sev-
eral organs. In addition to many scientific or medical questions
that still need to be answered, there is also the question of how
this virus and disease affect gametogenesis in humans. Even
more important is the question of whether the virus can also
infect and enter gametes and possibly alter them in an unknown
way, which could also affect the development and status of the
human embryo. The ability of SARS-CoV-2 to affect a tissue or
cells is determined by its capacity to infect cells and replicate in
them, which requires expression of genes and corresponding

proteins such as SARS-CoV-2 receptors angiotensin converting
enzyme 2 (ACE2) and basigin (Ok Blood Group) (BSG =
CD147), transmembrane serine protease 2 (TMPRSS2) and
cathepsin L (CTSL) [1, 2]. The mRNAs of all these genes are
expressed in most of the human female reproductive tract,
whole ovary [3] including follicular cumulus cells [4], and en-
dometrium [5]. GenesACE2 andMPRSS2were expressed even
in the human zygote and during the early developmental stages
of the human embryo – the trophoblast of the preimplantation
blastocyst, and syncytiotrophoblast and hypoblast of the im-
plantation stages, which develop into tissues that interact with
the maternal blood supply for nutrient exchange [6–8]. On the
other hand, protein expression in these tissues has not been
confirmed and is still unknown.

The organ- and cell-specific expression of these genes sug-
gests that it may also play a role in the regulation of female
fertility. In an animal model, the involvement of the ACE2
gene in the ovulation process has been demonstrated. This
gene was expressed in follicular – theca and granulosa – cells
and was affected by application of gonadotropin-releasing
hormone (GnRH) in granulosa cells [9]. The recent observa-
tion of proteomic data in HIPED revealed enrichment of
ACE2 protein in the human placenta and ovary despite a
low mRNA level [2]. One study also showed that the lack of
expression of the BSG gene which encodes a transmembrane
glycoprotein belonging to the immunoglobulin in mice causes
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infertility, mainly due to defects in fertilization and implanta-
tion of embryos [10]. We can assume that the virus infection
might affect the molecular events in the ovarian follicle, ovu-
lation, fertilization and embryo implantation and consequently
female fertility.

There is much less knowledge about oocytes in humans.
An excellent model for analysis is represented by oocytes
from the in vitro fertilization program, which are not fertilized
by the in vitro fertilization procedure or are immature and do
not have the natural ability to fertilize. It has recently been
reported that human (primary) oocytes and preimplantation
embryos (blastocystst) from the in vitro fertilization program
express the ACE2 and BSG receptors as determined by im-
munocytochemistry [6]. At present, there is no data on expres-
sion of ACE2 and BSG genes and corresponding proteins in
human oocytes, especially mature (secondary) oocytes.
Therefore, we examined the human mature oocyte tran-
scriptome [11] and proteome [12] obtained in our previous
studies in which we did not focus on these two genes and
proteins to determine whether human oocytes expressed the
ACE2 and BSG genes and corresponding proteins. In other
words, we were interested in whether human oocytes from
the in vitro fertilization program have a molecular apparatus
that allows infection with SARS-CoV-2.

Expression of Genes ACE2 and BSG in Human Oocytes
as Revealed by Transcriptomics

Our transcriptome data [11] were obtained by microarray
analysis (Agilent Whole Human Genome Oligo Microarray
8 × 60K v2 platform) of groups of human oocytes (12 groups
of oocytes with 10 oocytes per group) after SuperAmp RNA
amplification and showed that oocytes expressed both ACE2
and BSG genes. The normalization was performed with multi
lowess algorithm since it effectively removes systematic er-
rors keeping a maximum of the original signal.

Interestingly, the gene ACE2 was more expressed in oo-
cytes that matured in vitro by a special laboratory procedure
(maturation mediumwith added follicle-stimulating hormone-
FSH and human chorionic gonadotropin-HCG, in coculture
with cumulus cells from mature oocytes in the same women)
than in oocytes that matured in vivo (in the ovaries) and were
obtained as mature by ultrasound-guided aspiration of ovarian
follicles for the procedure of in vitro fertilization. The ACE2
gene was among 25 top genes which were most differently
expressed between oocytes matured in vitro and in vivo, as
ordered by T-test fold comparing in vivomatured oocytes with
the rest – in vitro matured oocytes (2.683 vs. 8.949, adjusted
T-Test P value = 0.0712); its expression level was quite com-
parable to some important transcription factors such as general
transcription factor GTF2H5 and RQCD1 (= CCR4-NOT
Transcription Complex Subunit 9-CNOT9), which play an
important role in the oocyte gene transcription regulation

and DNA repair (2.683 vs. 3.893 and 2.414, respectively).
In oocytes that matured in vivo, the BSG gene was more
expressed than the ACE2 gene (8.935 vs. 2.6583). In oocytes
matured in vivo, however, the expression of the BSG gene was
comparable to oocytes matured in vitro (8.935 vs. 9.301) with
less than 2-fold difference in expression.

Expression of Proteins ACE2 and BSG as Revealed by
Proteomics

Exploiting SP3, a novel technology for proteomic sample prepa-
ration using magnetic beads, the proteome was scaled down from
100 oocytes to single oocytes [12]. Samples containing 100, 10, 5
or single human oocytes from the in vitro fertilization program that
did not fertilize after in vitro fertilization procedurewere processed
via SP3, a single-tube method utilizing magnetic beads for unbi-
ased protein and peptide capture and recovery as described previ-
ously [13]. Proteins/peptides were analyzed by LC-MSMS (liquid
chromatography attached to a mass spectrometer).

Upon examination of this first human oocyte proteome, we
found that the oocytes expressed both theACE andBSGprotein.
The protein ACE (soluble form) was identified only in groups of
100 oocytes thus indicating a relatively low expression of this
protein in human oocytes. The protein BSG was identified in
groups of 100, 10, and 5 oocytes, and even in single oocytes thus
suggesting a relatively high expression of this protein in human
oocytes in comparison toACE. These proteinswere expressed in
both mature and immature oocytes. On the other hand, the ACE
and BSG proteins were not identified in the oocyte secretome
(proteins/peptides collected by overnight culturing oocytes in
hanging drops of culture medium).

Assessment of a Hypothetical Human Oocyte
Infection with SARS-CoV-2

Since human oocytes express functional receptors for the
SARS-Cov-2 - both a gene and a protein for ACE2 and
BSG - this virus could theoretically infect the oocytes.
However, the prerequisite for the binding of a virus to receptor
and entrance of the virus into the cell is the presence of the
virus at the oocyte. There are two hypothetical ways for a virus
(including SARS-CoV-2) to be delivered to human oocyte:
blood-borne transmission or sexual transmission.

It is well established that the dominant mode of SARS-CoV-
2 transmission is respiratory transmission, with proximity and
ventilation being crucial factors of transmission risk [14]. The
information on blood-borne transmission or sexual transmission
is much more limited than on respiratory transmission.

Current evidence does not support sexual transmission of
SARS-CoV-2. Even though SARS-CoV-2 RNA has been
found in semen, infectious virus has not been isolated [15]
and vaginal fluid has been negative except in a single case
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that reported RNA with a low viral level [16, 17].
Furthermore, there are no reported cases of SARS-CoV-2
transmission via sexual route [14].

According to a recent review on transmission of SARS-CoV-
2, similar conclusions are also valid for blood-borne transmission
[14] with a little bit more uncertainties. Findings on the propor-
tion of persons with viral RNA detectable in blood are rather
heterogeneous. For example, in one study [18] SARS-CoV-2
RNA was demonstrated in 1% (3/307) blood samples, in the
other [19] in 33% (28/85) blood specimens obtained from symp-
tomatic persons (including 22/28, 79% of those requiring hospi-
talization), while in the another study SARS-CoV-2 RNA was
established in blood in 27% (19/71) of hospitalized patients and
in 13% (2/16) of outpatients with COVID-19 [20]. Furthermore,
viral RNAwas also found in blood from 4 blood donors without
symptoms [21]. However, to date, no replication-competent vi-
rus has been isolated from blood samples, and there are no doc-
umented cases of blood-borne transmission of virus [14]. Yet,
some studies suggest that vertical transmission of SARS-CoV-2
occurs, including several reports of positive SARS-CoV-2 IgM
in neonates [22, 23] as well as a few reports of early nasopha-
ryngeal positivity on polymerase chain reaction testing in neo-
nates after delivery [24, 25]. In addition, several case reports on
placental infection by SARS-CoV-2, including one on transpla-
cental transmission, have been published [26–29].

Taken together, although human oocytes express functional
receptors for the SARS-CoV-2, the ways for the virus to be
delivered to human oocyte have not been reliably established.
Currently, the assumption on the potential blood-borne transmis-
sion appears to be slightly more likely than sexual transmission.

Potential SARS-CoV-2 Infection of the Human Oocyte
at the Cellular Level

The human oocyte could become infected inside the ovarian
follicle (Fig. 1). In the microenvironment of the oocyte, the
source of infection could be blood flowing through capillaries
to the ovarian follicle.When infected in the natural condition, the
virus should first infect the surrounding follicular cells inside the
ovarian follicle – granulosa and theca cells – and then the oocyte
via gap junctions and exudates of follicular cells. The virus could
persist in the follicular fluid and infect the oocyte. In addition, the
oocyte can also become infected during the fertilization process
with infected spermatozoon. Under in vitro conditions, the oo-
cyte could become infected during in vitro fertilization procedure
either due to its handling (staff, material) or by the addition of
potentially infected semen to fertilize it.

Discussion

We found that both ACE2 and BSG genes (transcripts) and
corresponding proteins are expressed in human oocytes and,

interestingly, the expression of gene ACE2was even higher in
immature oocytes that matured in vitro by a lab procedure
(clinically used in some in vitro fertilization laboratories) than
in oocytes that matured in vivo.

Our observation is consistent with the study of Wang and
co-workers who found the expression of ACE2 and BSG pro-
teins in groups of mouse mature and immature oocytes (7000
oocytes per group) as well as zygotes [30]. The expression of
ACE2 and BSG proteins in their study depended on oocyte
maturity: ACE2 protein was expressed only in immature oo-
cytes, while BSG protein was expressed in both immature and
mature oocytes and zygotes. However, we did not find any
other data for human oocytes in the literature.

It is clear from the literature that various viruses can infect
the oocyte. The human hepatitis B virus (HBV) has already
been detected in human oocytes and embryos from the in vitro
fertilization program [31–33]. HBV mRNA was detected in
the cleavage embryos of patients with chronic HBV infection,
with a detection rate of 13.2% (5/38). It has also ben evi-
denced that oocytes of HBV carriers may express hepatitis B
surface antigen (HBsAg) [34]. Viral antigens for herpes sim-
plex virus was demonstrated in mature oocytes of infertile
patients included in the in vitro fertilization program [35]. In
general, various basic studies in animals (mammals) have
shown that viruses can affect oocytes and, after fertilization,
the embryo. Bovine oocytes infected with bovine diarrhea
viruses BVDV-1 and BVDV-2, and Hobi-like virus resulted
in embryos after in vitro fertilization [36]. Embryos from
BVDV-1 and BVDV-2 infected oocytes developed normally,
but carried the virus. However, Hobi-like virus infected oo-
cytes had reduced cleavage potential and caused the pre-
implantation embryo loss, but viable embryos did not carry
the virus. Structural changes in the zona pellucida (ZP) of
bovine oocytes seem to modulate their interaction with vari-
ous viral agents, facilitating the viral infection in in vitro pro-
duction systems; the BFDV viruses were detected in granulo-
sa cells, ZP-free mature oocytes but also ZP-intact mature
oocytes [37]. It has been evidenced that bovine herpesvirus
1 can negatively impact the bovine oocyte development dur-
ing in vitromaturation procedure [38]. Moreover, infection of
porcine oocytes with porcine circovirus type 2 affected em-
bryo quality after in vitro fertilization, more specifically the
reduced numbers of cells in blastocysts [39]. All this data
suggests that viruses can infect the mammalian oocyte and
affect the development of the preimplantation embryo, so in-
fection with the SARS-CoV-2 cannot be completely ruled out.

According to a review of the literature, it is possible that
SARS-CoV-2 negatively affects the female fertility. The
available evidence suggests that gene ACE2 is widely
expressed in the ovary, uterus, vagina and placenta [40].
Therefore, it is believed that apart from droplets and contact
transmission, the possibility of mother-to-child and sexual
transmission also exists. Along with other genes, the gene
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ACE2 regulates the ovarian follicle development and ovula-
tion, modulate luteal angiogenesis and degeneration, and also
influence the regular changes in endometrial tissue and em-
bryo development [40]. In addition, BSG gene expression has
been shown to cause mouse infertility with an abnormal fer-
tilization process and impaired embryo implantation [10].
Moreover, it was found that the concentration of BSG protein
in the follicular fluid is associated with clinical pregnancy rate
in patients undergoing in vitro fertilization, more specifically
intracytoplasmic sperm injection (ICSI); at lower concentra-
tions of this protein, the clinical pregnancy rate was higher,
therefore, this protein was proposed as a marker for predicting
ICSI outcomes [41]. Taking these functions into account,
SARS-CoV-2might disturb the female reproductive functions
through regulating the ACE2 and BSG gene expression.

However, data on SARS-CoV-2 presence in human oo-
cytes of infected individuals are poorly available to date.
Recently, the first case of two women who underwent con-
trolled ovarian stimulation for oocyte donation and tested
positive to SARS-CoV-2 infection by PCR on the day of
oocyte collection was reported [42]. The viral RNA for
gene N was undetectable in all the oocytes analyzed from
these two women. Nevertheless, no conclusion can be
drawn as the number of oocytes analyzed (a total of 16
oocytes: 6 in one woman and 10 in second one) was small

and only in two women [42]. In addition, the virus could
have a negative effect on the oocytes in other ways (for
example, with toxins, altered metabolism, changes within
the ovarian follicle or ovarian niche).

It is worrying that the (potential) infection or other negative
effects of SARS-CoV-2 on very small embryonic-like stem
cells (VSELs), which are proposed as precursors of oocytes,
pluripotent embryonic stem cells and organoids, and some
other types of stem cells including hematopoietic stem cells
has been proven [43–50]. Human embryonic stem cell-
derived organoids are proposed to be used as an efficient tool
to study SARS-CoV-2 infection [51]. This also indicates a
possible infection and negative effects of SARS-CoV-2 on
the human oocyte and pre- and post-implantation embryo.

We may conclude that at present it is not clear whether the
highly virulent SARS-CoV-2 can infect human oocytes, and
whether the use of oocytes from women harboring the virus
can result in an infection of the developing embryo in the
in vitro fertilization program or in natural conditions. This
important question needs to be answered in the future. Our
transcriptomic and proteomic data on ACE2 and BSG expres-
sion in human oocytes show that this might be possible and
that oocytes possess the molecular machinery to facilitate
SARS-CoV-2 entrance. A hypothetical model of oocyte infec-
tion with this virus has been proposed.

Fig. 1 Potential SARS-Cov-2 infection of the human oocyte at the cellular level via follicular cells and follicular fluid in the follicle and by sperm during
the in vivo or in vitro fertilization process
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