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STUDY QUESTION: Are SARS-CoV-2 canonical cell entry machinery, consisting of ACE2, TMPRSS2, NRP1 and LY6E, or alternative po-
tential cell entry machinery, consisting of BSG, ANPEP, CD209, CLEC4G, TMPRSS4, TMPRSS11A, FURIN, CTSB, CTSL and IFITM1, expressed
in the human endometrium across the menstrual cycle?

SUMMARY ANSWER: Analysis of cell entry factors for SARS-CoV-2 by single-cell RNA-sequencing (scRNAseq) in the preconceptional
human endometrium reveals low risk of infection.

WHAT IS KNOWN ALREADY: Gene expression datasets from bulk endometrial tissue show no significant expression of the SARS-
CoV-2 receptor ACE2 and TMPRSS2. This is in contrast to reported expression of ACE2 at the single-cell level in the decidua and tropho-
blast cells at the maternal–fetal interface in early pregnancy, as well as vertical transmission of SARS-CoV-2 during pregnancy.

STUDY DESIGN, SIZE, DURATION: This analysis of SARS-CoV-2 cell entry machinery gene expression was conducted by scRNAseq
in 73 181 human endometrial cells isolated from endometrial biopsies obtained from 27 donors across the menstrual cycle.

PARTICIPANTS/MATERIALS, SETTING, METHODS: ScRNAseq examined the expression of genes encoding cell entry machinery
for SARS-CoV-2. The raw data were from a previously published dataset.

MAIN RESULTS AND THE ROLE OF CHANCE: ScRNAseq analysis showed no significant expression of ACE2 in stromal or unciliated
epithelial cells in any phase of the menstrual cycle. TMPRSS2 was expressed in epithelial cells during the early proliferative and mid-
secretory phases. Interestingly, the expression of NRP1 was observed in both stromal and epithelial cells across all phases of the menstrual
cycle, and LY6E was highly expressed in stromal cells. In the mid-secretory phase, coexpression of ACE2 and TMPRSS2 was detected in
0.07% of luminal epithelial cells. No cells simultaneously expressed ACE2, NRP1 and TMPRSS2 at the time of embryo implantation.
Focusing on non-canonical cell entry machinery, BSG was highly expressed in all cell types across the menstrual cycle and may interact with
CTSB or CTSL proteases, but viral infection using this machinery has not yet been confirmed.

LARGE SCALE DATA: All raw data in this study can be found at NCBI’s Gene Expression Omnibus (series accession code GSE111976)
and Sequence Read Archive (accession code SRP135922).

LIMITATIONS, REASONS FOR CAUTION: Our findings at the single-cell level imply low efficiency of SARS-CoV-2 endometrial infec-
tion using canonical receptors in a cohort of healthy reproductive-age women; however, infection of endometrial cells can only be assessed
in the presence of the virus. All samples were processed for scRNAseq, so no samples are remaining to analyze protein expression or spa-
tial transcriptomics.

WIDER IMPLICATIONS OF THE FINDINGS: Our results offer a useful resource to guide reproductive decisions when assessing risk
of endometrial infection by SARS-CoV-2 during the preconceptional period in asymptomatic COVID-19 carriers.
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VC The Author(s) 2021. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology. All rights reserved.
For permissions, please email: journals.permissions@oup.com

Human Reproduction, Vol.00, No.0, pp. 1–19, 2021
doi:10.1093/humrep/deab183

ORIGINAL ARTICLE Reproductive biology

http://orcid.org/0000-0002-0039-9846
http://orcid.org/0000-0002-1613-0809
http://orcid.org/0000-0003-0902-9531
https://orcid.org/0000-0003-0902-9531
https://orcid.org/0000-0003-0902-9531
https://orcid.org/0000-0002-1613-0809
https://orcid.org/0000-0002-1613-0809


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

STUDY FUNDING/COMPETING INTEREST(S): This study was jointly supported by the March of Dimes, Chan Zuckerberg Biohub
and MINECO/FEDER (SAF-2015-67164-R, to C.S.) (Spanish Government), and the European Union’s Horizon 2020 Framework
Programme for Research and Innovation (Grant agreement 874867). W.W. was supported by the Stanford Bio-X Graduate Bowes
Fellowship and Chan Zuckerberg Biohub. F.V. was supported by the Miguel Servet Program Type II of ISCIII (CPII18/00020) and the FIS
project (PI18/00957). A patent disclosure has been filed for the study with the title ‘Methods for assessing endometrial transformation’
and the global patent number ‘EP 3807648 A2’ under the inventors S.R.Q., C.S., W.W. and F.V. C.S. is the Founder and Head of the
Scientific Advisory Board of Igenomix SL. S.R.Q is the Director of Mirvie. I.M. is partially employed by Igenomix SL. B.R. has no interests
to declare.

Key words: COVID-19 / SARS-CoV-2 / ACE2 / TMPRSS2 / NRP1 / scRNAseq

Introduction
The coronavirus disease 2019 (COVID-19) pandemic produced by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
impacted public health worldwide, including potential risks to couples
aiming to conceive or already pregnant (Rasmussen et al., 2020).
SARS-CoV-2 preferentially infects cells in the respiratory tract, heart,
liver, brain and kidneys (Puelles et al., 2020), but knowledge of its
direct tropism for reproductive organs involved in human pregnancy
and subsequent neonatal health is limited. The endometrium acts as
the maternal interface and possible infection gatekeeper, but there is
conflicting evidence for (Zeng et al., 2020b) and against (Chen et al.,
2020; Rasmussen et al., 2020) vertical transmission of SARS-CoV-2
during pregnancy.

SARS-CoV-2 uses angiotensin-converting enzyme 2 (ACE2) as the
prime receptor for entry into host cells (Hoffmann et al., 2020), sug-
gesting cells expressing ACE2 are most susceptible to viral infection
(Zou et al., 2020). ACE2 is a member of the renin-angiotensin-
aldosterone system (RAAS) that regulates blood pressure (Nakagawa
et al., 2020). However, ACE2 expression alone is insufficient for cell
entry of SARS-CoV-2. After viral-host tropism and adhesion of SARS-
CoV-2 S protein to ACE2 on the cell surface, priming of the S protein
between the S1 and S2 units is essential for fusion to the cell mem-
brane and viral entry into the cell. This cleavage is efficiently performed
by host serine protease TMPRSS2. The essential role of this protease
in SARS-CoV-2 internalisation is confirmed by infection blockade after
chemical treatment of lung cells with camostat mesylate or E-64d to
inhibit TMPRSS2 (Hoffmann et al., 2020). In addition, recent evidence
reveals that NRP1 acts as a cofactor to potentiate viral infectivity. The
S protein of SARS-CoV-2 contains a cleavage site for the protease
furin; NRP1 binds to furin-cleaved substrates and collaborates with
ACE2 to promote viral entry and infectivity in cells that have low
ACE2 expression (Cantuti-Castelvetri et al., 2020). Yet the cells have
a mechanism to protect themselves from viral entrance, as LY6E
restricts infection with the virus (Pfaender et al., 2020).

Recently, alternative receptors were proposed as possible players in
infectivity of SARS-CoV-2, based on similarities between SARS-CoV-2
and other human coronaviruses. BSG is reported to play a specific
role in viral entry in the absence of ACE2 in human cell lines (Wang
et al., 2020a). Other cell surface proteins are described as main recep-
tors that promote entry of other human coronavirus species, including
ANPEP, CD209, CLEC4G (Yang et al., 2004; Gramberg et al., 2005)
and DPP4, which is specific for MERS-CoV infection (Li et al., 2020b).
Likewise, alternative cellular proteases may be used to prime the
S protein. In the absence of TMPRSS2, Cathepsin B (CTSB) and

cathepsin L (CTSL) also can cleave the S protein to facilitate viral
entry. Proteases such as TMPRSS4, TMPRSS11A (Zang et al., 2020) and
FURIN (Walls et al., 2020) also are proposed to cleave the S protein in
other coronaviruses. In addition, host cells can use other specific proteins
to restrict viral entrance. For example, IFITM can restrict entry of
enveloped viruses like coronaviruses regardless of viral receptor
expression (Huang et al., 2011).

The human endometrium expresses Angiotensins 1–7, which are
cleaved by ACE2, and angiotensin receptor MAS. In addition, expres-
sion of angiotensins in the endometrium mirrors expression of ACE2
mRNA, with more abundant expression in epithelial cells compared
with stromal cells (Vaz-Silva et al., 2009). During pregnancy, the human
decidua has abundant expression of RAAS-related genes, prorenin
(REN), prorenin receptor (ATP6AP2), AGT, ACE1, ACE2, AGTR1 and
MAS, as demonstrated by quantitative PCR in specimens collected
after cesarean section or spontaneous labor (Wang et al., 2012).
Moreover, RAAS components including ACE2 are detected in decidua
and fetal membranes in the human placenta, with potential roles in
trophoblast invasion and angiogenesis (Marques et al., 2011; Pringle
et al., 2011).

However, expression of SARS-CoV-2 cell entry machinery in the
human endometrium is not well-characterised across the menstrual cy-
cle, limiting understanding of the risk of potential transmission of
SARS-CoV-2 during pregnancy. Here, we assessed, by single-cell
RNA-sequencing (scRNAseq), the expression of SARS-CoV-2 cell
entry machinery across the menstrual cycle, with a specific focus on
the preconceptional period, using our published scRNAseq dataset
(Wang et al., 2020b) to generate a ‘risk map’ for SARS-CoV-2 infection
of the human endometrium.

Materials and methods

Population and sample collection
All human endometrium samples (N¼ 27) were collected in accor-
dance with the Institutional Review Board (IRB) guidelines for Stanford
University (IRB code IRB-35448) and IVI Valencia, Spain (1603-IGX-
016-CS). Informed written consent was obtained from each donor in
her natural menstrual cycle (no hormone stimulation) before an endo-
metrial biopsy was performed. De-identified human endometrium
was obtained from women aged 18–34 years, with regular menstrual
cycles (3–4 days, every 28–30 days), with BMI ranging 19–29 kg/m2

(inclusive), negative serological tests for HIV, HBV, HCV and RPR, and
a normal karyotype. Women with the following conditions were
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excluded from tissue collection: recent contraception (IUD in past
3 months; hormonal contraceptives in past 2 months), uterine pathology
(endometriosis, leiomyoma or adenomyosis, or bacterial, fungal or
viral infection) and polycystic ovary syndrome.

Endometrium tissue dissociation and
population enrichment
A two-stage dissociation protocol was used to dissociate endometrium
tissue and separate it into stromal fibroblast- and epithelium-enriched
single-cell suspensions. Tissue was minced into pieces as small as
possible and dissociated in Collagenase A1 (Sigma, St. Louis, MO,
USA) overnight at 4�C in a 50-ml Falcon tube in a horizontal position.
This primary enzymatic step dissociated stromal fibroblasts into single
cells while leaving epithelial glands and lumen mostly undigested. The
resulting tissue suspension was then briefly homogenised and left
unagitated for 10 min in a 50-ml Falcon tube in a vertical position, dur-
ing which epithelial glands and lumen sedimented as a pellet, and stro-
mal fibroblasts stayed suspended in the supernatant. The supernatant
was collected as the stromal fibroblast-enriched suspension. The pellet
was washed twice in 50 ml DMEM to further remove residual stromal
fibroblasts. The washed pellet was dissociated in 400 ll TrypLE Select
(Gibco, ThermoFisher Scientific, Waltham, MA, USA) for 20 min at
37�C, during which homogenisation was performed via intermittent
pipetting. DNaseI was added to the solution to digest extracellular
genomic DNA. The digestion was quenched with 1.5 ml DMEM after
a 5-min incubation. The resulting cell suspension was pipetted, filtered
through a 50-lm cell strainer, and centrifuged at 1000 rpm for 5 min.
The pellet was re-suspended as the epithelium-enriched suspension.

Fluidigm C1 single-cell capture, imaging
and cDNA generation
Live cells were enriched using a MACS Dead Cell Removal kit
(Miltenyi Biotec, Bergisch Gladbach, Germany). The resulting cell sus-
pension was diluted in DMEM to a final concentration of 300–400
cells/ll before loading onto a medium Fluidigm C1 chip (South San
Francisco, CA, USA) for mRNA sequencing. Live dead cell stain (Life
Technologies, Carlsbad, CA, USA) was added directly into the cell sus-
pension. Single-cell capture, mRNA reverse-transcription and cDNA
amplification were performed on the Fluidigm C1 system using default
scripts for mRNA sequencing. Detailed numbers of cells for each indi-
vidual are included in Supplementary Table SI.

Fluidigm C1 scRNAseq library generation
Single-cell cDNA concentration and size distribution were analysed on
a capillary electrophoresis-based automated fragment analyser
(Advanced Analytical). Library preparation was performed using a
Nextera XT DNA Sample Preparation kit (Illumina, San Diego, CA,
USA) on a Mosquito HTS liquid handler (SPT Labtech, Hertfordshire,
UK) following Fluidigm’s single-cell library preparation protocol, with a
4� scale-down of all reagents. Dual-indexed single-cell libraries were
pooled and sequenced in pair-end reads on Nextseq (Illumina) to a
depth of 1� 106–2� 106 reads per cell. bcl2fastq v2.17.1.14 was used
to separate data for each single cell by using unique barcode combina-
tions from the Nextera XT preparation and to generate *.fastq files.

Chromium 10x single-cell capture, cDNA
generation and scRNAseq library
generation
Live cells were enriched with a MACS Dead Cell Removal kit (Miltenyi
Biotec), and live cells were washed twice with PBS to remove ambient
RNA. The resulting epithelial and stromal cell portions were combined
in a 1:1 ratio by concentration and loaded onto the Chromium Next
GEM Chip G (10� Genomics, Pleasanton, CA, USA) for each donor.
GEM generation and barcoding, reverse-transcription, cDNA genera-
tion, and library construction were done following the manufacturer’s
protocol (Single Cell 3’ Reagent Kit v3.1, 10� Genomics). Dual-
indexed single-cell libraries were pooled and sequenced in pair-end
reads on Novaseq (Illumina). Detailed numbers of cells for each indi-
vidual are included in Supplementary Table SII.

Quantification and statistical analysis
Fluidigm C1 dataset processing and quality metrics
Raw reads from FASTQ files were trimmed to 75 bp using fastqx
0.11.7, aligned with STAR 2.5 (Dobin et al., 2013) to Ensembl
GRCh38.87 (dna.primary_assembly), and filtered for duplicates with
MarkDuplicates (picard 2.9). Reads per gene were summed using
HTSeq 0.7.0 (Anders et al., 2015) and Ensembl GTF for GRCh38.87
under the setting -m intersection-strict\-s no. For each cell, counts
were normalised to log-transformed reads per million (log2(rpmþ 1))

by the equation log2 rpmþ 1ð Þ ¼ log2 1þ 1e06�ctijP
cti

� �
, where iis cell i

and j is gene j. Quality control filtering was applied using the fraction
of ERCCs. Cut-off was established at 5% of the null distribution of the
ratio between ERCC reads and all detected reads. Null distribution
was constructed using reads from empty capture sites.

Before dimensional reduction, over-dispersion of genes was calcu-
lated as CV2

i
CV2

e
, where CV2

i is the squared variation of coefficient of gene i
across cells of interest, and CV2

e is the expected squared variation of
coefficient given mean, fitted using non-ERCC counts. All pairwise dis-
tances between cells were calculated as: (1–Pearson’s correlation).
Dimensional reduction was performed using the R implementation of
tSNE (Rtsne 0.13).

Chromium 103 dataset
CellRanger 3.1.0 software (settings: expect-cells¼ 10 000) was used
to process raw reads from FASTQ files, align to the reference genome
(GRCh38-3.0.0), and generate a filtered UMI expression profile for
each droplet. Raw UMI counts were downstream processed within
Seurat package 3.1.2 (Stuart et al., 2019). Raw reads were normalised
to log-transformed transcripts per million (log(TPMþ 1)) by the equa-

tion log TPMþ 1ð Þ ¼ log 1þ 1e06�ctijP
cti

� �
, where iis cell i and j is gene j,

using NormalizeData() function in Seurat.

10x quality filtering
Recovered cells from CellRanger were submitted to dimensional re-
duction, and each identified cell population was evaluated by quality
control metrics that included: UMI counts, number of genes detected
and percent of mitochondrial reads. Differentially expressed genes
were obtained for each cluster compared to the rest of cells. Clusters
with no uniquely expressed genes identified above threshold and poor
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quality metrics were removed. Also, clusters with combined expres-
sion of two distinct cell types were considered doublets.
DoubletFinder 2.0.2 (McGinnis et al., 2019) was applied to remove
homotypic doublet cell clusters. For unciliated epithelia and stromal
fibroblasts, a Gaussian mixture model was fit on the distribution of
number of genes detected (R package mixtools 1.1.0). For each cell
type, the Gaussian distribution N(l,r2) with the lowest mean was
identified, and a threshold (th) was calculated as th¼ lþ 2r for
N. Only cells (N¼ 71 032) with equal or higher number of genes
detected than th were retained for downstream analysis.

Results
We investigated expression of SARS-CoV-2 canonical cell entry ma-
chinery genes ACE2, TMPRSS2, NRP1 and LY6E as well as alternative
potential cell entry machinery genes BSG, ANPEP, CD209, CLEC4G,
TMPRSS4, TMPRSS11A, FURIN, CTSB, CTSL and IFITM1 in endometrial
samples obtained from 27 healthy reproductive-age women using
scRNAseq. We collected scRNAseq data across the menstrual cycle
in 19 participants using the Fluidigm C1 system, resulting in 2148 cells
analysed. We also collected scRNAseq data from 10 participants in
the preconceptional period using the 10� Chromium system, enabling
analysis of an additional 71 032 cells (Fig. 1a). We collected both C1
and 10� data from two women, one in the mid-secretory phase and
one in the early-secretory phase (Fig. 1b).

Expression of SARS-CoV-2 entry genes
across the menstrual cycle
ScRNAseq analysis across the menstrual cycle (n¼ 2148 cells) showed
that few stromal fibroblasts (�0.5%) and unciliated epithelial cells
(�2%) expressed ACE2. In contrast, NRP1 expression was higher in
both cell types (�85% of stromal fibroblasts and �24% of unciliated
epithelial cells) (Fig. 2a–c and Supplementary Fig. S1). TMPRSS2 was
expressed in 16% of glandular epithelial cells during the early prolifera-
tive phase (Fig. 2a–c and Supplementary Fig. S1a). Expression of LY6E
was mainly observed in stromal cells (Fig. 2a–c and Supplementary
Fig. S1a). ACTB and GAPDH were used as housekeeping controls (Fig.
2d and Supplementary Fig. S1b).

To assess the full SARS-CoV-2 cell entry machinery, co-expression
of the canonical receptor and protease as well as the enhancer and in-
hibitor was evaluated in endometrial cells. Co-expression of ACE2 and
TMPRSS2 was residual, with maximum co-expression in 0.73% of cells
analysed in the glandular epithelium during the early secretory phase
(Fig. 2e). Triple co-expression of ACE2, NRP1 and TMPRSS2 was
detected in up to 0.70% of cells, with maximum co-expression in the
glandular epithelium during the early proliferative phase (Fig. 2f); co-
expression of ACE2, LY6E, and TMPRSS2 was only observed in 0.35%
of cells, with maximum co-expression also in the glandular epithelium
during the early proliferative phase of the menstrual cycle (Fig. 2g).

Focusing on potential alternative cell entry machinery, there was no
expression of ANPEP, CD209 and CLEC4G in any cell types and cycle
phases (data not shown). DPP4 was expressed in the mid- and late-
secretory phases (�70% of unciliated epithelial cells), and BSG was
expressed in both cell types across the menstrual cycle (between
�20% and �80% of cells) (Supplementary Fig. S2a). Regarding new

potential cellular proteases, no cells expressed TMPRSS11A (data not
shown), while TMPRSS4 and FURIN were expressed across the men-
strual cycle in unciliated epithelial cells (Supplementary Fig. S2b).
Interestingly, CTSB and CTSL were expressed in both stromal and epi-
thelial cells throughout the menstrual cycle, and CTSB expression was
more abundant than CTSL. The percentage of CTSL-expressing stromal
fibroblasts was higher than CTSL-expressing unciliated epithelial cells
(Supplementary Fig. S2b). Like LY6E, IFITM1 was mainly expressed in
stromal cells across the entire menstrual cycle (Supplementary
Fig. S2c). The most extensive co-expression was with the BSG receptor
and TMPRSS4 and CTSB proteases, specifically co-expression of BSG
and TMPRSS4 in unciliated epithelial cells, but there was higher co-
expression between BSG and CTSB in all cell types across the entire
menstrual cycle (Supplementary Fig. S3a). Cell entry machinery
described for MERS-CoV, DPP4 and FURIN, only showed positive co-
expression in epithelial cells (�10%) during the mid- and late-
secretory phases (Supplementary Fig. S3b).

Expression of SARS-CoV-2 entry genes
enriched in periconceptional phase
To focus on periconception when vertical transmission could begin, cells
from the C1 dataset enriched with 71 032 cells during the preconcep-
tional phase were analysed using 10� technology. ACE2 expression was
low and detected in <1.5% of unciliated epithelial cells and <0.5% of
stromal cells (Fig. 3a–c and Supplementary Fig. S4a). We observed higher
expression of NRP1, which was detected in >20% of stromal cells across
the cycle, reaching 51% of cells during the mid-secretory phase. TMPRSS2
was expressed in �10% of glandular epithelial cells, but expression of this
gene was consistently low in stromal cells. LY6E was mainly expressed in
stromal cells across the entire menstrual cycle (Fig. 3a and c and
Supplementary Fig. S4a). ACTB and GAPDH were used as housekeeping
controls (Fig. 3d and Supplementary Fig. S4b). Co-expression of ACE2
with TMPRSS2 during preconception was observed only in unciliated epi-
thelia but was at low abundance (0.07% of luminal epithelial cells) during
the window of implantation (Fig. 3e). No cells presented detectable
ACE2, NRP1 and TMPRSS2 co-expression during the mid-secretory phase
or adjacent timepoints (Fig. 3f), and cells at this stage also did not co-
express ACE2, LY6E and TMPRSS2 (Fig. 3g).

As alternative cell entry machinery, there was no expression of
CD209, CLEC4G and ANPEP (data not shown). BSG was expressed in
both cell types (between �50% and �90% of cells) in the entire men-
strual cycle, and DPP4 was expressed in mid- and late-secretory
phases (�80% of unciliated epithelial cells) (Supplementary Fig S5a).
TMPRSS11A expression was not detected (data not shown), while
TMPRSS4 was expressed across the menstrual cycle in unciliated epi-
thelium, with higher expression in mid- and late-secretory phases
(�60% of cells). However, FURIN was mainly expressed during the
early-secretory phase in unciliated epithelial cells (�50%)
(Supplementary Fig. S5b). In contrast, CTSB was highly expressed in
both epithelial and stromal cells, with >70% of either cell type
expressing this gene during the mid-secretory phase. CTSL was
expressed in >20% of epithelial cells and >40% of stromal cells.
IFITM1 showed expression in stromal cells mainly in early-secretory
phase (Supplementary Fig. S5c). ACTB and GAPDH were used as
housekeeping controls (Supplementary Fig. S5d). Focusing on BSG, co-
expression with TMPRSS4 was high in unciliated epithelial cells in the
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mid-secretory phase (�50%) and co-expression was also high with
CTSB and CTSL in all cell types across the entire menstrual cycle, with
highest co-expression between BSG and CTSB (between �50% and
�80%) (Supplementary Fig. S6a). DPP4 and FURIN were co-expressed
in epithelial cells (�20%) during the mid- and late-secretory phases
(Supplementary Fig. S6b).

The transcriptomic dynamics of SARS-CoV-2 canonical cell entry
machinery genes in epithelial and stromal cells were phase-
independent, with ACE2 and TMPRSS2 present at low abundance.

However, unlike in the epithelial compartment, NRP1 and LY6E were
highly expressed in undecidualised and decidualised stromal cells (Fig.
4) and, therefore, may play a role in ACE2 non-expressing cells.

Discussion
The outbreak and third wave of the COVID-19 pandemic pose con-
cerns to the general public, including couples wishing to conceive and

Figure 1 Experimental design. (a) Representation of two methods for single-cell isolation and sequencing, showing number of cells analyzed for
C1 and 10� datasets. (b) Distribution of samples across menstrual cycle days (number of days after onset of last menstrual bleeding) and endometrial
phases (assigned based on scRNAseq data) for C1 (bottom) and 10� (top) datasets. Dots with * and # to the right are donors from whom both C1
and 10� data were collected. Phases 1–4: major endometrial phases identified in unciliated epithelia and stromal fibroblasts using whole transcrip-
tomic scRNAseq data.
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..pregnant women. There is evidence for (Zeng et al., 2020b) and
against (Chen et al., 2020; Rasmussen et al., 2020) vertical transmission
of SARS-CoV-2 originating from the uterus to the placenta and fetus
during conception and pregnancy. Placental infection with SARS-CoV-2

has been suspected in a pregnant woman with symptomatic coronavi-
rus disease who experienced a second-trimester miscarriage (Baud
et al., 2020). Evidence also suggests potential vertical transmission
in �9% of newborns from mothers infected with SARS-CoV-2

Figure 2 SARS-CoV-2 cell entry factor expression in human endometrial cells across the menstrual cycle. (a, b) Dynamics of abun-
dance of cells expressing ACE2, TMPRSS2, NRP1 and LY6E across the menstrual cycle in luminal epithelial cells represented by blue squares and glan-
dular epithelial cells represented by red circles (a) and stromal fibroblasts (b). (c) Quantification of data in panels a and b via violin plots. Dots are
medians, and lower and higher ends of the black bars indicate 25th and 75th percentiles, respectively. (d) ACTB and GAPDH were used as housekeep-
ing controls. (e) Percentage of cells that co-express ACE2 with TMPRSS2 across the menstrual cycle. (f) Percentage of cells that co-express ACE2 with
TMPRSS2 and the enhancer NRP1 across the menstrual cycle. (g) Percentage of cells that co-express ACE2 with TMPRSS2 and LY6E inhibitor across
the menstrual cycle. Data correspond to the C1 dataset with 2148 cells across the menstrual cycle.
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(Zeng et al., 2020a). Although these and additional reports have impli-
cated intrauterine passage of the virus from the uterus/endometrium
to the placenta and then the fetus (Dong et al., 2020; Egloff et al.,

2020; Fenizia et al., 2020; Hu et al., 2020; Richtmann et al., 2020;
Vivanti et al., 2020; Zeng et al., 2020a), other reports have not (Chen
et al., 2020; Rasmussen et al., 2020).

Figure 3 SARS-CoV-2 cell entry factor expression in human endometrial cells focused on the preconceptional period. (a, b)
Dynamics of abundance of cells expressing ACE2, TMPRSS2, NRP1 and LY6E in luminal epithelial cells represented by blue squares and glandular epi-
thelial cells represented by red circles (a) and stromal fibroblasts (b). (c) Quantification of data in panels a and b via violin plots. Dots are medians,
and lower and higher ends of the black bars indicate 25th and 75th percentiles, respectively. (d) ACTB and GAPDH were used as housekeeping con-
trols. (e) Percentage of cells that co-express ACE2 and TMPRSS2. (f) Percentage of cells that co-express ACE2, TMPRSS2 and the enhancer NRP1. (g)
Percentage of cells that co-express ACE2 with TMPRSS2 and LY6E inhibitor. Data correspond to the C1 dataset with 2148 cells across the menstrual
cycle, enriched with 71 032 cells from the 10� dataset during the preconceptional phase. Black arrows in panels c–g indicate menstrual cycle progres-
sion between early-secretory phase and mid-secretory phase.
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..Studies of gene expression in bulk tissue can lead to erroneous con-
clusions about the infective risk of specific organs, as demonstrated by
the COVID-19 risk map at the single-cell level (Zou et al., 2020). For
cells to be infected, the viral surface receptor and/or cofactors must
be expressed in the same cell as the proteases. A previous observa-
tion analysing gene expression datasets from five publications that used
bulk endometrial tissue showed no significant expression of ACE2 and
TMPRSS2 (Henarejos-Castillo et al., 2020). This is in contrast to
reported expression of the SARS-CoV-2 receptor gene ACE2 at the
single-cell level in the decidua and trophoblast cells at the maternal–fe-
tal interface in early pregnancy (Li et al., 2020a).

To determine the potential risk of SARS-CoV-2 infectivity of a given
organ or tissue, single-cell transcriptomics have been used to report
the abundance of ACE2-expressing cells as the virus’s prime receptor
for infectivity, with a cut-off value of 1% of cells expressing this gene
(Zou et al., 2020). Based on these data, a COVID-19 infection-related
risk map was built, in which the nasal mucosa, bronchus, liver and
stomach have <1% of cells expressing ACE2 and are considered low-

risk for SARS-CoV-2 infection, whereas the percentage of cells
expressing ACE2 in the lung (2%), esophagus (1%), ileum (30%), heart
(7.5%), kidney (4%), and bladder (2.4%) places them at high risk of in-
fection (Fig. 5). Interestingly, low expression of ACE2 in respiratory
and olfactory cells supports the possibility that the virus requires cofac-
tors to facilitate viral entry (Hikmet et al., 2020). That the main target
organ for the virus is the lung and not the ileum suggests that cofactors
such as NRP1 may play an important role in facilitating SARS-CoV-2
entry into cells (Cantuti-Castelvetri et al., 2020; Qi et al., 2020).

Indeed, scRNAseq of lung tissue has revealed high expression of
NRP1 in pulmonary epithelial cells, which may compensate for the low
presence of ACE2 in these cells (Cantuti-Castelvetri et al., 2020). We
found the maximum percentage of endometrial cells expressing ACE2
was generally <1% and only reached 1% positive cells in the epithelial
compartment before the mid-secretory phase. Using this classification,
the endometrium is predicted to have a low risk of infection (Fig. 5).
However, we also analysed expression of the ACE2 enhancer NRP1.
NRP1 expression is strikingly high in stromal cells independent of

Figure 4 Temporal transcriptome dynamics of SARS-CoV-2 entry genes across the human menstrual cycle. Expression of canoni-
cal SARS-CoV-2 cell entry machinery genes ACE2, TMPRSS2, NRP1 and LY6E for unciliated epithelia (epi) and stromal fibroblasts (str) across the hu-
man menstrual cycle. Columns are ordered by phase of the cycle. Data correspond to spatio-temporal analysis of the C1 dataset with 2148 cells
across the menstrual cycle.

8 Vilella et al.



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..menstrual cycle phase. Our data suggest that presence of this new
SARS-CoV-2 entry cofactor in this decidual compartment responsible
for the maternal–fetal interface during pregnancy may translate to
moderate infectivity potential, as it has been reported that the relative
infection rate of SARS-CoV-2 in cells expressing NRP1 but not ACE2 is
approximately five-times lower than in ACE2-expressing cells in the
presence of high viral load (Cantuti-Castelvetri et al., 2020).

We also analysed a set of potential factors that could facilitate en-
trance of SARS-CoV-2 in the endometrium, as reported in major hu-
man organs (Singh et al., 2020). In this regard, we identified that the
receptor gene BSG was highly expressed in all cell types across the
menstrual cycle. The receptor gene DPP4, implicated in infection of
MERS-CoV, is expressed in the mid- and late-secretory phases in epi-
thelial cells (Li et al., 2020b). Cellular protease genes TMPRSS4 and
FURIN are expressed in endometrial cells, opening the possibility that
they may participate in viral infection. Interestingly, LY6E and IFITM1,
described as cell protectors against entry of SARS-CoV family viruses,
are mainly expressed in stromal cells, suggesting that these inhibitors
may help prevent or reduce SARS-CoV-2 infection of the endome-
trium. However, these data should be considered with caution be-
cause there is not yet scientific evidence of an active role of alternative
machinery in SARS-CoV-2 infection. Until now, the efficiency of BSG

as a receptor for SARS-CoV-2 has only been shown in cultures of
Vero and 293 T cells in vitro (Singh et al., 2020), while the roles of
DPP4, TMPRSS4, FURIN and IFITM1 have only been proposed based
on theoretical similarities of SARS-CoV-2 with SARS-CoV and MERS.

The main strength of our study is that single-cell analysis offers spatial
and quantitative data, allowing us to determine whether individual endo-
metrial cells simultaneously express the ACE2 receptor with the protease
TMPRSS2 and new potential factors of viral entrance. TMPRSS2 can
cleave adjacent cells expressing ACE2, but our results resolved this po-
tential synergy. We found a low percentage of cells at risk of infection
during the time at which an embryo could implant (0.07% expressing
ACE2 with TMPRSS2) and during the late secretory phase (0% expressing
ACE2 with TMPRSS2). Although widespread expression of BSG may imply
that an alternative cell surface receptor of SARS-CoV-2 may be active in
the endometrium at this time, this opens the possibility that BSG partici-
pates with CTSB and CTSL proteases, which are highly expressed in epi-
thelial cells. However, the role of potential alternative machinery in SARS-
CoV-2 cell infection has not yet been confirmed. NRP1 expression is strik-
ingly high in stromal cells independent of menstrual cycle phase, suggesting
infectivity potential during pregnancy. Finally, very few of cells of any type
exhibited co-expression of ACE2/NRP1 or ACE2/NRP1/TMPRSS2
throughout the menstrual cycle. Altogether, our findings at the single-cell

Figure 5 Potential risk of SARS-CoV-2 endometrial infectivity measured using the abundance of ACE2-positive cells. Schematic
representation of potential infectivity risk of SARS-CoV-2 using the percentage of cells positive for ACE2 in different organs of the human body.

Single-cell COVID-19 endometrial entry factors 9



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..
level suggest that the non-pregnant human endometrium is a low-risk or-
gan for SARS-CoV-2 viral infection at least for canonical cell entry machin-
ery. This study offers a useful resource to guide reproductive decisions
when assessing the risk of endometrial infection by SARS-CoV-2 during
the preconception period in asymptomatic COVID-19 carriers.

Supplementary data
Supplementary data are available at Human Reproduction online.
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All raw data in this study can be found at NCBI’s Gene Expression
Omnibus (series accession code GSE111976) and Sequence Read
Archive (Accession code SRP135922).
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