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Objective: To study the potential effect of coronavirus disease (COVID-19) on the endometrial transcriptome of affected, symptomatic
women for the detection of altered gene expression.

Design: Pilot study of the endometrial transcriptomes of women manifesting COVID-19 compared with those of women without
COVID-19 undergoing hysteroscopic procedures for benign gynecologic disorders using RNA sequencing.

Setting: Hospital and university laboratories.

Patient(s): Women with (n = 14) and without a COVID-19 (n = 10) diagnosis based on a nasopharyngeal swab analysis using
quantitative reverse-transcription polymerase chain reaction. The endometrium of the patients with COVID-19 had previously been
tested for severe acute respiratory syndrome coronavirus 2 infection, revealing the absence of the virus in this tissue.
Intervention(s): Endometrial biopsy sample collection.

Main Outcomes Measure(s): Endometrial gene expression and functional analysis of symptomatic patients with COVID-19 vs.
individuals without the infection.

Result(s): The systemic disease COVID-19 altered endometrial gene expression in 75% of the women, with the patients exhibiting a
preponderance of 163 up-regulated (e.g., UTS2, IFI6, IFIH1, and BNIP3) and 72 down-regulated genes (e.g., CPZ, CDH3, and IRF4)
(false discovery rate<0.05). A total of 161 dysregulated functions (36 up-regulated and 125 down-regulated) were typically
enriched in the endometria of the patients with COVID-19, including up-regulation in pathways involved in the development of
immune responses to viruses and cytokine inflammation, reflecting elicitation of a COVID-19 response pathway.

Conclusion(s): Coronavirus disease 2019 affects endometrial gene expression despite the absence of severe acute respiratory syndrome
coronavirus 2 RNA in endometrial tissues. (Fertil Steril® 2022; Il : Il - M. ©2022 by American Society for Reproductive Medicine.)
Key Words: Endometrium, COVID-19, endometrial gene expression, transcriptomics, women'’s reproductive health
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he novel severe acute respiratory
T syndrome coronavirus 2 (SARS-
CoV-2) is the causal agent of the
coronavirus disease 2019 (COVID-19)

Wuhan (China) and the time this manu-
script was written (July 27, 2022), SARS-
CoV-2 infected >568 million people and
caused >6 million deaths worldwide (1).

manifestations, which usually correlate
with a severe form of the illness and
poor outcomes. However, a myriad of
extrapulmonary manifestations have

Coronavirus disease 2019
commonly  produces  pulmonary

pandemic. Between the first unex-
plained pneumonia cases reported in

also been reported along with these
pulmonary symptoms, mainly in mild
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and moderate cases or during severe disease. Such symptoms
include dizziness, skin manifestations, arrhythmia, liver
injury, hematuria, or even loss of taste and smell (2). Thus,
COVID-19 is considered a heterogeneous and multisystem
disease (2).

Some complications associated with COVID-19 are not
directly caused by the viral infection but, instead, may result
from global immune dysregulation triggered by the virus (3).
In fact, the most severe cases exhibit increased levels of proin-
flammatory cytokines, which provoke a cytokine storm,
which is directly related to COVID-19 progression (4, 5) and
other biologic responses, such as neutrophil extracellular
traps (NETs) or production of inflammatory molecules that,
when sustained, can result in tissue damage (6, 7). Indeed,
cytokine storms are induced by cross-talk between infected
cells and host immune cells, affecting multiple organs, even
those without active viral replication (4, 8, 9). Accordingly,
very low or no viral RNA expression was detected in the
affected lungs (3), skin (10), and kidneys (11) of symptomatic
patients with COVID-19 and pneumonia, cutaneous manifes-
tations, and acute kidney injury or proteinuria, respectively.
These observations prompted us to ask whether such a
scenario (i.e., tissue changes in the absence of direct viral in-
fections) might also occur in the female reproductive system.

Since the beginning of the pandemic, the reproductive
medicine community has been intrigued by the potential
impact of COVID-19 on the female reproductive tract and,
particularly, the endometrium, which is essential for embryo
implantation and, thus, the focus of this study. Because col-
lecting the samples of reproductive tissue is quite challenging
in these cases (it would involve invasive work on patients with
the infection), several in silico studies have sought to predict
the consequences of viral infections on reproduction in
women. In May 2020, our group examined expression data
in silico and found that the endometrium was likely safe
from viral entry because of the low levels of ACE2 and
TMPRSS2 (the respective host-cell receptor and protease
described as essential for SARS-CoV-2 infection) (12). Then,
another group reported low expression of ACE2 and
TMPRSS?2 throughout the menstrual cycle and subsequently
predicted that the risk of uterine infection ranged from
0.1% to 1.2% based on the expression of ACE2 (13). Consis-
tent with these predictions, similar findings were indepen-
dently reported in other in vivo human studies in which the
virus was not detected in oocytes (14), the ovarian medulla,
or vaginal and follicular fluids (15, 16) obtained from patients
with COVID-19. In corroboration, we did not detect SARS-
CoV-2 in 14 endometrial biopsy samples collected from
women with COVID-19, whereas their levels of ACE2 were
very low (17). Taking these findings together, it seems un-
likely that endometrial tissue is directly infected by SARS-
CoV-2.

However, we hypothesize that in the absence of direct
viral infections of the endometrium, cytokine storms (or sys-
temic inflammation) that occur with COVID-19 may indi-
rectly, and unpredictably, affect the female reproductive
tract. Although the menstrual cycle has been found to be
altered in patients with COVID-19 (18), there are currently
no prospective studies on how systemic global gene

expression changes that occur during COVID-19 affect
women’s reproductive health. Therefore, our objective was
to describe, for the first time, how systemic COVID-19 alters
global gene expression (focusing on key processes for a
normal menstrual cycle and related fertility outcomes) in
the endometria of symptomatic women using the whole-
RNA, next-generation sequencing (RNA-seq), high-
throughput technology.

MATERIAL AND METHODS
Study Design

A total of 24 endometrial samples were prospectively collected
for this study. Fourteen biopsy samples (COVID-19 group) were
collected from patients hospitalized for COVID-19 at Hospital
Universitari i Politecnic La Fe (Valencia, Spain) (17); these
patients were symptomatic (patients with mild-to-severe
symptoms were included, whereas asymptomatic or very
severe cases were not recruited) and had a positive test result
(cycle threshold<40) for SARS-CoV-2 infection, as indicated
by quantitative reverse-transcription polymerase chain reac-
tion (QRT-PCR) of nasopharyngeal swab samples, as previously
described (17). The other 10 endometrial samples (control
group) were derived from patients admitted to the same
hospital who underwent hysteroscopic procedures for benign
gynecologic disorders and tested negative for COVID-19 based
on gqRT-PCR of nasopharyngeal swab samples. Notably, the
different gynecologic disorders in these control patients did
not change the results between the groups because of normal
endometrial tissue diagnoses in all the cases. The patients’
characteristics (including age and menstrual cycle stage at
the time of endometrial biopsy sample collection, menstrual
cycle length, and COVID-19 symptoms) are presented in
Supplemental Table 1 (available online).

Samples with good RNA quality (percentage of RNA frag-
ments >200 nucleotides [DV 0] >30%) were analyzed using
RNA-seq for the detection of changes in gene expression us-
ing an untargeted approach that compared both the groups
(COVID-19 and control). Raw sequencing data were prepro-
cessed, normalized, and functionally interpreted using bio-
informatic pipelines that were used to identify disease-
altered genes and their functions in the endometria. The study
design is depicted in Figure 1A.

Ethical Approval

The research ethics committee of Hospital Universitari i Po-
litecnic La Fe (Valencia, Spain) approved this study (registra-
tion number: 2020-268-1) on May 12, 2020 (addendum:
November 18, 2020). All study participants received written
and oral information on the characteristics of the study and
signed informed consent forms (or consented orally in the
presence of at least 1 witness in the case of patients with
COVID-19).

Sample Collection

All endometrial biopsy samples (from both the COVID-19 and
control groups) were collected via endometrial aspiration us-
ing an intrauterine cannula (Cornier Pipelle, ref. 4164,
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Gynetics, Lommel, Belgium) and preserved in RNAlater (ref.
AM7021; Invitrogen, Vilnius, Lithuania) until cryopreserva-
tion. After the removal of RNAlater, the endometrial biopsy
samples (median size, 3 mm?) were frozen at —80°C until their
analysis.

Library Construction and RNA-Seq

Total RNA was extracted from the thawed endometrial biopsy
samples using the miRNeasy Mini Kit (ref. 1038703; Qiagen,
Hilden, Germany) according to RNeasy FFPE Handbook pro-
tocol instructions (Qiagen, Hilden, Germany). The amount of
total RNA isolated from each tissue was quantified using the
NanoDrop One spectrophotometer (ThermoFisher, Vilnius,
Lithuania), and the integrity of the extracted RNA was as-
sessed using the Fragment Analyzer System (Agilent, Santa
Clara, CA). Nine endometrial samples from each group (9
from the COVID-19 group and 9 from the control group)
with the highest DV,o values were selected for RNA-seq
analysis. Sequencing libraries were constructed using the Tru-
Seq stranded messenger RNA protocol (Illumina, San Diego,
CA), with poly-A selection for ribosomal messenger RNA
depletion, followed by chemical fragmentation and comple-
mentary DNA synthesis, as per the manufacturer’s instruc-
tions. The libraries were sequenced in 2 runs using the

Fertility and Sterility®

NextSeq 500 platform (Illumina, San Diego, CA) at a
single-end read length of 75 nucleotides using the High
Output 75 cycles kit (Illumina, San Diego, CA).

Transcriptomic Data Processing

Raw data were trimmed using fastp (version 0.21) (19) and
evaluated for read quality using the FastQC, version 0.11.5,
tool (20). STAR algorithm (21) was employed for mapping
data quality, using GRCh38 as the reference human genome,
and obtaining raw counts. Genes with zero counts in all
measured samples were excluded, whereas low-count genes
were filtered using the NOISeq R-package (22) in R (version
4.0.5 [March 31, 2021]) (23). The remaining data were
normalized using the Remove Unwanted Variation methodol-
ogy (24) implemented in the RUVseq R-package (25). Briefly,
this approach uses general linear model regression to remove
unknown sources of data or variation from batch or other var-
iable effects to improve the detection of differentially ex-
pressed genes (DEGs). We then corrected for the menstrual
cycle phase to remove transcriptomic variability associated
with the progression of the menstrual cycle (26). Finally, the
principal component analysis (PCA) was performed to eval-
uate any remaining batch effects, look for outliers, and find
transcriptomically related samples in our cohort.

A Study design

CONTROL group (n=9)

Patients with benign
gynecological disorders not
endometrial-related

Endometrial /

biopsies

1 outlier*
» / » CONTROL group (n=8)
RNA sequencing: NextSeq 500 PCA - exploratory analysis: DEA,
platform (lllumina) at 75-nt single- transcriptomic-based GSEA
end read lenght classification

X
)

COVID-19 group (n=9)

Hospitalized symptomatic
COVID-19 patients

B Samples’ clustering

e COVID-19 ® CONTROL
[0}
Q
=
2 100
©
-
B L X 4 ® x
c )
© 0 ® hd
g oo ®
[0} o ® ps
R
@
< -100 o
&
O
o * Outliers
-100 0 100

PC1: 28.1 % explained variance

B > - (n=6)
\ \ COVID-19 group

1 outlier* 2 control-like samples**

C Samples’ clustering without outliers

©COVID-19 © CONTROL

100
©
o
[ =t
8
= ;
g 50 o ®
ke 4 *ok
@ 8
£ ° L4 ® . CoV11
© K
a 0 P s
3 [ ]
)
B )
®
N 50 B
=
e ®
g o
0 -100  **Control-like samples cov2

-100 -50 0 50 100
PC1: 21.1 % explained variance

Study design. (A) The workflow indicates the size of each group throughout the study and the reasons for excluding specific samples. (B) An initial
principal component analysis showed how the 2 experimental groups overlapped with the presence of 2 outliers. (C) After removal of these outliers,
the samples were evidently segregated according to the 2 experimental groups: coronavirus disease 2019 and control. This principal component
analysis also identified 2 samples from the coronavirus disease 2019 group that behaved similar to the ones from the control group. *Outliers
**Control-like samples. COVID-19 = coronavirus disease 2019; DEA = differential expression analysis; GSEA = gene set enrichment analysis;

PC = principal component; PCA = principal component analysis.
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Differential Expression Analysis and Functional
Enrichment

To identify genes in the endometrium that are most affected
by COVID-19, the differential expression analysis (DEA)
was performed using the limma R-package (27). DEGs that
had an adjusted P value of <.05 and a false discovery rate
of <0.05 were considered to have been significantly affected
by COVID-19 and were subjected to a subsequent functional
analysis using the Gene Ontology (version 2021-07-02,
experimental and propagated annotation; to elucidate the
affected biologic processes, molecular functions, and cellular
components) (28) and Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) databases (release 99.0, August 1, 2021) (29).
The genes were arranged in descending order according to
their fold change (FC), which was obtained from DEA, and
the gene set enrichment analysis was implemented in the
clusterProfiler R-package (30). Only significantly enriched
functions (false discover rate<0.05) were considered to be
affected by COVID-19. All plots were generated using the
ggplot2 package in R (31).

Gene Validation

To validate the DEGs identified using the RNA-seq analysis,
the complementary DNA from the COVID-19 (n = 9) and con-
trol (n = 9) samples was analyzed using qRT-PCR with Power-
Up SYBR Green (ref. A25742; ThermoFisher, Vilnius,
Lithuania) on the StepOnePlus system (Applied Biosystems,
Carlsbad, CA). Based on their high |FC| values
(Supplemental Table 2, available online), we assessed UTS2
and IFI6 as up-regulated DEGs and CPZ and CDH3 as
down-regulated DEGs. Further, based on their involvement
in response to viral infections or inflammatory processes,
we assessed IFIHI1, BNIP3, and IRF4. The relative level of
gene expression or FC was determined using the AACt method
and normalized to the level of the expression of the house-
keeping gene GAPDH. The primer sequences (Integrated
DNA technologies, Leuven, Belgium) are listed in
Supplemental Table 3 (available online).

Statistical Analysis

The qRT-PCR results are expressed as means + standard de-
viations. We used the unpaired ¢ test and Wilcoxon test for
normally and nonnormally distributed data, respectively, to
identify significant DEGs between the COVID-19 and control
groups. GraphPad Prism 8.3 (San Diego, CA) was used for sta-
tistical analysis and visualization. In all the analyses, P <.05
was considered statistically significant.

RESULTS

The profiling of global endometrial gene expression revealed
altered endometrial gene expression in most of the patients
with COVID-19.

Among the 24 initial endometrial biopsy samples, 5 out of
the 14 samples from the COVID-19 group had low RNA integ-
rity (DV00<30%) and were excluded from the RNA-seq anal-
ysis, whereas 1 out of the 10 samples from the control group
was excluded because of low quality (Supplemental Table 1).

Thus, 18 endometria samples were sequenced as detailed in
Figure 1A.

The endometrial biopsy samples from the patients with
COVID-19 and controls had similar numbers of good-
quality reads per sample (Supplemental Fig. 1, available
online). The subsequent analysis of read quality in all the
samples revealed 16,546 good-quality measured transcripts.

Exploratory transcriptomic analyses of the 18 endome-
trial biopsy samples revealed that age, corrected menstrual
phase, and RNA integrity did not affect endometrial gene
expression. After removing 2 outliers identified using PCA
(Fig. 1B), the samples were segregated into 2 groups based
on gene expression related to COVID-19 (Fig. 1C). Two
patients with COVID-19 (named COV2 and COV11), excep-
tionally clustered with the controls, were considered to have
a “control-like” transcriptomic behavior and were removed
from subsequent analysis because their endometria appeared
transcriptomically unaffected by COVID-19 despite the other
symptoms that they presented with. These findings led us to
assume that COVID-19 variably affected this cohort (in terms
of affected organs and manifested symptoms), and we esti-
mated that 75% of our recruited symptomatic patients with
COVID-19 had altered endometrial gene expression profiles.

Differential Gene Expression and Validation of the
RNA-Seq Results

Our DEA revealed 235 DEGs (163 up- and 72 down-regulated)
in the altered endometria of the patients with COVID-19
(Supplemental Table 2). The top 10 up-regulated DEGs ex-
hibited over fivefold increases (e.g., UTS2 exhibited a
16.126-fold increase), whereas the changes in the down-
regulated genes ranged from —3- to —5.165-fold
(Supplemental Table 2). Notably, only 3 down-regulated
DEGs passed our |FC| cutoff of >5, whereas 13 up-
regulated genes met this criterion (Fig. 2), suggesting that
COVID-19-associated dysregulation of endometrial genes is
mediated through increased rather than decreased expression.
Next, to validate the expression of DEGs in the RNA-seq
results, we analyzed the gene expression of 2 up-regulated
(UTS2, FC = 8.871; IFI6, FC = 3.740) (Fig. 3A) and 2
down-regulated (CPZ, FC = —1.866; CDH3, FC = —1.511)
(Fig. 3B) DEGs using qRT-PCR. We additionally validated
the expression of IFIHI (FC = 1.601), involved in defense
response to symbionts, positive regulation of type I interferon
(IFN-I) production, and the COVID-19 KEGG pathway (Fig. 3A
and Supplemental Fig. 2, available online); BNIP3 (FC =
1.601), implicated in response to viral infections (Fig. 3A);
and IRF4 (FC = —1.786), described in the regulation of
anti-inflammatory interleukin 4 production (Fig. 3B). Com-
parison with the RNA-seq values is presented in Figure 3C.

Functional Analysis

The functional enrichment analysis was performed to identify
underlying biologic functions associated with the significantly
dysregulated DEGs in the endometria of the patients with
COVID-19. We identified 161 enriched, dysregulated functions
(36 up- and 125 down-regulated) in the endometria of the
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patients with COVID-19 (Fig. 4 and Supplemental Fig. 3,
available online), involving a myriad of biologic processes
(15 up- and 52 down-regulated), molecular functions (12
down-regulated), cellular components (12 up- and 7
down-regulated), and/or signaling pathways (9 up- and
54 down-regulated). Specifically, the endometrial transcrip-
tomes obtained from the patients with COVID-19 were
enriched in biologic processes associated with response to viral
infections, positive regulation of IFN-I production, the COVID-
19 KEGG pathway (Supplemental Fig. 2, available online), NET
formation (Fig. 4), and ribosome-guided messenger translation.
Further, the DEGs were mainly enriched in the mitochondria
and cilia (Fig. 4 and Supplemental Fig. 3). Remarkably, the mo-
lecular functions related with the immune system (i.e., T helper
17 cell differentiation as well as T-cell and platelet activation),
anti-inflammatory cytokine production (i.e., regulation of
interleukin 4 production), and gene transcription (i.e., DNA-
binding transcription activator activity and transcription
regulatory region nucleic acid binding) were down-regulated
(Fig. 4 and Supplemental Fig. 3).

DISCUSSION

Although our sample size was limited, this was the first study
to analyze changes in global gene expression in the endome-
trium of women with COVID-19 during the first 10 months of
the global pandemic (2020).

It has been widely reported that COVID-19 produces het-
erogenic clinical phenotypes in terms of severity and
complications (involving only pulmonary or additional renal,

Fertility and Sterility®

hepatic, and/or even cardiac pathophysiologies). The presen-
tation of the disease also varies with age, with older patients
having a higher prevalence of severe disease and risk of com-
plications (32, 33). Consistent with COVID-19 being a com-
plex, multiorgan disease, this study highlighted that this
disease can also impact the endometrium, at least at the level
of gene expression. Indeed, we found that most (75%) of the
patients with COVID-19 included in this study presented
with an altered endometrial gene expression profile, revealing
that the endometrium is commonly affected by this disease. In
addition, using a nontargeted approach, we identified key
components of the pathogenesis of COVID-19
(Supplemental Fig. 2) among the most altered DEGs in the
affected endometria. Overall, this study showcased that this
systemic disease affects the normal endometrial gene expres-
sion profile in the absence of direct viral infections (17). By
correcting for menstrual cycle biases, we overcame the limita-
tion of unequal representation of the different menstrual
phases in our COVID-19 and control groups and ensured
that the gene dysregulations that we found were truly related
to COVID-19 (empowering the results of our low-sample-size
study). The latter was verified using PCA, which additionally
corroborated that age did not result in a bias in our results.

Other groups have observed some of the same genes and
patterns during SARS-CoV-2-mediated disease. For example,
NET formation is enhanced in various tissues of patients
with COVID-19 because of severe inflammatory reactions
(6, 34, 35) and is associated with collateral tissue injury during
respiratory viral infections. In this study, we found that the
endometrium of the women with COVID-19 exhibited
remarkable up-regulation of genes associated with NET for-
mation, suggesting that COVID-19 causes collateral damage
to the endometrium as well.

In terms of other host immune responses, we also found
dysregulated IFN-I production in the endometria of the pa-
tients with COVID-19. This is consistent with previous studies
that reported that IFN-I production is impaired in such pa-
tients (36). Interestingly, specific interferon-stimulated genes
appear to be up-regulated in the peripheral blood of patients
with COVID-19 (36). These implicated genes fall into 2 sub-
groups: those dysregulated in different viral infections
(including SARS-CoV-2, severe acute respiratory syndrome
coronavirus, or influenza) and those uniquely dysregulated
in COVID-19. The second subgroup includes IFI2, IFI6, and
IFI44 (36), which were also up-regulated in the endometria
of our patients, indicating an altered inflammatory environ-
ment. Notably, both the IFI27 gene and the IFN-I signaling
pathway are up-regulated in the endometria of women with
recurrent pregnancy loss (37), and IFI6 and [FI44 are overex-
pressed in patients with implantation failure (38). Indeed, the
entire reproductive system can be altered in response to an in-
flammatory environment, as has been reported for premature
ovarian insufficiency (39).

The other observed changes that we can associate with
inflammatory processes include the remarkable 16.126-fold
up-regulation of UTS2 in the endometria of patients with
COVID-19. This gene encodes a peptide that acts as a vaso-
constrictor and is involved in the pathogenesis of inflamma-
tory diseases such as atherosclerosis and hypertension (40).
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Interestingly, a recent meta-analysis revealed that several
preeclampsia-related pathways were affected in pregnant
women with COVID-19, corresponding with an imbalance
of vasoactive peptides resulting from the up-regulation of
various genes, including UTS2 (41). Further, studies of other
systemic diseases, such as lupus erythematosus (42), several

rheumatic diseases (43), irritable bowel syndrome (44), and
diabetes (45), revealed dysregulated function of the female
reproductive system. Interestingly, these studies also support
the fact that the endometrium is influenced by cytokine
storms (triggered by viral infections) rather than by the virus
itself.
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Cell death Regulation of endothelial cell apoptotic process -2,074

\ Metabolism Positive regulation of phosphate metabolic process  -2,247

\ Genetic information processing Positive regulation of nucleic acid transcription -2,508

Signal transduction Whnt signaling pathway -2,367

Regulation of BMP signaling pathway -2,188

PI3K-Akt signaling pathway -2,142

Does COVID-19 indirectly Ras signaling pathway -2,011

affect the endometrium? Immune system Th1 and Th2 cell differentiation 2,321

Platelet activation -2,252

Hematopoietic cell lineage -2,168

Cytokine production Regulation of IL-4 production -2,276

Response to stimulus Negative regulation of response to GF stimulus -2,182

Regulation of inflammatory response -2,134

Sensory system Taste transduction -2,029

Functional enrichment analysis. The figure shows the main functions that were differentially up- and down-regulated (false discovery rate<0.05) in
the endometria of patients with COVID-19 (compared with those in the control group; COV11 and COV2 were considered “control-like” samples).
Both the Kyoto Encyclopedia of Genes and Genomes pathways and Gene Ontology biologic processes are included. BMP = bone morphogenetic
protein; COVID-19 = coronavirus disease 2019; GF = growth factor; IFN = interferon; IL = interleukin; NES = normalized enrichment score; P13k-
Akt = phosphatidylinositol 3-kinase and protein kinase B; PCR = polymerase chain reaction; Ras = rat sarcoma virus; Th = T helper.

de Miguel-Gémez. Endometrial changes during COVID-19. Fertil Steril 2022.

Changes in lipid metabolism are also consistent with
SARS-CoV-2 infection. We found that the endometrial
expression of genes involved in this process was altered in
the patients with COVID-19. Despite not being directly linked
to inflammation, this correlates with the differential lipid pro-
file observed in the serum of patients with COVID-19, which,
in turn, seems to be associated with the severity of the disease
(46, 47).

We found the expression of genes with direct roles in
endometrial function to be altered by COVID-19. In partic-
ular, AGR3 was among the top 10 up-regulated DEGs in the
endometria of the patients with COVID-19, and the protein
it codes for has been shown to be overexpressed in the endo-
metrial ciliated luminal epithelium of women with recurrent
implantation failure and recurrent pregnancy loss (48). Alter-
ations in ciliated cells also occur in other reproductive disor-
ders such as endometriosis (49, 50). Further, these reports
describe the alteration of ribosome and phosphorylation

processes during an endometrial pathology (49), supporting
our findings of these 2 mechanisms being up-regulated in
our group of patients with COVID-19.

The up-regulation of genes associated with reproductive
disorders indicates that COVID-19 could negatively affect
endometrial function, thereby potentially disrupting men-
strual cycles and consequently compromising embryo im-
plantation and fertility. However, to address this hypothesis,
it would be necessary to investigate whether proinflammatory
reactions (that can alter the normal function of the female
reproductive system) (51) subside after the infection or persist
for a short or even long term (52). Nevertheless, a more
detailed dataset from a larger cohort that takes into account
other factors that cause irregular menstrual cycles (i.e., base-
line ovarian reserve and hormone measurements for the given
cycle as well as follow-up of the menstrual cycle) is required
to refine the correlation. Because alterations in the menstrual
cycle have previously been described in other systemic
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disorders (42-45), it could be worthwhile to conduct an in
silico analysis that compares our data with their
transcriptomes to elucidate whether COVID-19 directly pro-
duces unique genetic signatures or indirectly induces molec-
ular changes with the general inflammation it elicits.

Although this study emphasized the up-regulation of
genes and their pathways because of their high |FC| values,
the down-regulated processes were also noteworthy. For
example, smell and taste disorders are common in patients
with COVID-19 (53), indicating the down-regulation of the
taste transduction pathway, as shown in our analysis. Further,
CPZ, a carboxypeptidase involved in the Wnt signaling
pathway (54), was among the most down-regulated DEGs
and pathways in the COVID-19-affected endometria. The
Wnt pathway has well described roles in multiple endometrial
processes and is critical for implantation (55). Two other
down-regulated DEGs, CDH3 and IRF4, are involved in
cell adhesion during embryo implantation (56) and decidual-
ization (57), respectively. Taken together, the down-regulated
DEGs we identified in this study also suggest that COVID-19
could alter endometrial function.

This study provides novel transcriptomic findings eluci-
dating the potential impact of COVID-19 on the endome-
trium. Our bioinformatic approach for processing the global
endometrial transcriptomes was concise and powerful, high-
lighting our findings despite the small sample size. Neverthe-
less, our small cohort (resulting from the risk of collecting
high-quality samples from patients with the infection)
implied several limitations, such as interpatient variability
in terms of menstrual cycle parameters, fertility status, day
of biopsy sample collection, and age, among others. By elim-
inating the effect of 2 of these confounding variables (men-
strual phase and gynecologic disorders), our endometrial
COVID-19 signature became more reliable. In addition,
because of health measures and the risk of infection, we
only collected biopsy samples from symptomatic, hospital-
ized patients (asymptomatic women were not recruited).
Finally, regarding the 2 endometria with control-like expres-
sion profiles from the COVID-19 group, we carefully reviewed
the medical records of COV11 and found that she might have
had a false-positive result in her SARS-CoV-2 diagnostic test.
Interestingly, the 2 patients with control-like expression pro-
files were the youngest in the cohort. Because of our small
sample size, we cannot draw conclusions based on age at
this point, especially considering that all the patients reported
respiratory symptoms. However, age has been shown to be
correlated with the severity of COVID-19 (58, 59), and in
this regard, it might be possible that the endometrium of
younger patients is not affected to the same degree. Overall,
additional research with a larger sample size would be needed
to further validate the results of our RNA-seq and functional
analyses and advance the understanding of the implications
of COVID-19 on the human endometrium.

CONCLUSION

In conclusion, our transcriptomic results revealed that human
endometrial gene expression and, possibly, endometrial func-
tion are affected by COVID-19. The changes in the endometria

of patients with COVID-19 seem to occur in the absence of
direct viral infection, along with the down-regulation of other
vital functions and host immune responses. Still, more studies
are needed to elucidate whether these molecular changes also
occur in patients with aggressive COVID-19 symptoms and/or
asymptomatic women. Finally, evaluating whether these
changes persist after disease remission or resolve in the
following menstrual cycle(s) as the endometrium cyclically
regenerates itself would be of high clinical interest.
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