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Testicular injury during SARS-CoV-2 infection may be neglected:
An assessment from scRNA-seq profiling and protein
detection of angiotensin-converting enzyme II
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Abstract. Coronavirus disease 2019 (COVID-19), caused
by severe acute respiratory syndrome coronavirus-2
(SARS-CoV-2), is outbreaking globally. SARS-CoV-2 invades
host cells via angiotensin-converting enzyme II (ACE2) and
causes multiple-organ injury. Autopsy studies indicated that
the testis of patients with COVID-19 exhibited various degrees
of spermatogenic cell reduction and injury, but the composition
of ACE2-expressing cells and their proportion in the testes
have remained to be determined. Recent clinical evidence
suggested that the ratio of male sex hormones in males with
COVID-19 was significantly changed. The present study
aimed to explore whether SARS-CoV-2 is able to damage
the male reproductive system. For this, the ACE2-expressing
cell composition and proportion in male testes were analyzed
using single-cell RNA sequencing (RNA-seq) datasets down-
loaded from the Gene Expression Omnibus (GEO) database
and immunohistochemical (IHC) staining. The single-cell
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RNA-seq data indicated that ACE2 mRNA was highly
expressed in myoid cells, Leydig cells and spermatogenic
cells, accounting for 5.45, 1.24 and 0.423% of adult testicular
cells. ACE2 mRNA-expressing Sertoli cells, spermatogenic
cells and myoid cells accounted for 5.00, 0.56 and 0.73% of
infant testicular cells. IHC demonstrated that ACE2 protein
was also highly expressed in testicular tissues. In conclusion,
the present results demonstrated that testicular injury may be
missed by clinicians in patients with COVID-19 and male
reproductive function should be closely followed up.

Introduction

In December 2019, a cluster of patients with pneumonia caused
by an unknown pathogen occurred in Wuhan (China) and
rapidly spread across the whole country (1,2). Although China
took an emergency response in the early days of the outbreak,
the infection has been spreading globally. From airway epithe-
lial cell samples, a novel coronavirus was determined by the
Chinese Center for Disease Control and Prevention using
next-generation sequencing technology and was named severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) by
the World Health Organization. The sequence of SARS-CoV-2
is highly homologous to severe acute respiratory syndrome
coronaviruses (SARS-CoV) (3).

Since the sequence of SARS-CoV-2 is highly homolo-
gous to that of SARS-CoV, the clinical manifestations of
the patients with coronavirus disease 2019 (COVID-19)
caused by SARS-CoV-2 are similar to those of patients with
SARS and Middle East respiratory syndrome coronavirus
(MERS-CoV) (4). The main manifestations are high fever
and cough, which may be accompanied by headache, myalgia,
joint pain, fatigue, diarrhea and chest tightness at onset. The
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patients may have dyspnea, shortness of breath and then
respiratory failure at the later stage (5,6). SARS is a systemic
organ damage disease, the main target organs of which are
the lung, immune organs and systemic venules. In addition,
virus-induced orchitis-like pathological changes were detected
during autopsy of numerous patients who succumbed to SARS,
even those with no related symptoms during their lifetime (7).
Ma et al (8) reported that the ratio of testosterone (T) to serum
luteinizing hormone (LH) and the ratio of follicle-stimulating
hormone to LH were significantly reduced in patients with
COVID-19. Given that the sequences of SARS-CoV-2 and
SARS-CoV are highly homologous, SARS-CoV-2 may be
likely to injure testicular tissues.

In 2003, angiotensin-converting enzyme II (ACE2) was
identified as the functional receptor for SARS-CoV (9),
which is able to bind to the receptor-binding domain of viral
Spike protein, causing endocytosis and infection (10). It has
been reported that SARS-CoV-2 shares the same receptor
with SARS-CoV, i.e. ACE2 (11-13). As the majority of
ACE2-expressing cells in the respiratory tract are type II
alveolar epithelial cells (AT2), SARS-CoV-2 invasion and the
corresponding manifestations are mainly caused by interaction
with ACE2 receptors on the surface of AT2 (14). A study has
indicated that ACE2-expressing epithelial cells of the small
intestine were susceptible to SARS-CoV-2 infection (15).

SARS-CoV-2 has been reported to damage multiple
organs and alter the ratio of male sex hormones in males
with COVID-19 (8); however, its direct effect on the testis
has remained to be fully determined. In the present study, the
expression profiles of ACE2 were investigated by analyzing
single-cell RNA-sequencing (RNA-seq) datasets and immu-
nohistochemical (IHC) staining to explore the expression
of ACE2 and assess the effect of SARS-CoV-2 on the male
productive function.

Materials and methods

Data sources. Single-cell RNA-seq datasets (nos. GSE120506
and GSE112013) were downloaded from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.
gov/geo/). RNA-seq data of normal human tissues from the
GTEx database were downloaded using the University of
California Santa Cruz (UCSC) Xena browser (https://xena.
ucsc.edu/).

ACE?2 expression patterns in different tissues from normal
human subjects from GTEx. The dataset gene expression
RNAseq-TOIL RSEM fragments per kilobase of exon
model per million mapped fragments and dataset pheno-
type-GTEx phenotype were downloaded from UCSC Xena.
Strawberry-perl 5.3.2.1 (https://strawberryperl.com/) was used
to quantify the mRNA expression of ACE2 in each organ.
The R package ‘ggpubr’ was used to draw boxplots of ACE2
mRNA expression in each organ.

Single-cell sequencing analysis. Single-cell RNA-seq datasets
(nos. GSE120506 and GSE112013) were downloaded from the
GEO database. The Single cell RNA sequencing (scRNA-seq)
datasets of GSE112013_Combined_UMI _table.txt and
GSE120506_infant_combined_UMI.txt were subsequently

analyzed using the R package Seurat (version 3.1.2). Strict
parameters, ‘min.cells=3" and ‘min. features=50’, were used
to filter out low-quality cells and low-quality genes in the
function CreateSeuratObject. Subsequently, the data were
log-normalized using the function NormalizeData with the
default parameters. The genes, with the largest standard
deviation of expression in all cells were determined by
the function FindVariableGenes. After the data were dealt
with, the function ScaleData, principal component analysis
(PCA) dimensionality reduction was performed by using
the function RunPCA. By using the functions of JackStraw
and ScoreJackStraw, the PCA components with P<0.05 were
selected for further analysis using two-dimensional t-distrib-
uted stochastic neighbor embedding. The setting of k.param
was 20 in the function FindNeighbors and the setting of the
resolution was 0.5 in the function FindClusters. The cell types
were determined according to the expression of marker genes.
Gene expression of different cell types was displayed using the
functions DotPlot and VInPlot.

IHC staining of human samples. Human normal testicular
tissue sections (n=4) included in normal tissue microarrays
were obtained from Alenabio. In addition, the human testicular
tissues from 11 patients with prostate cancer were obtained from
the Third Affiliated Hospital of Guangzhou Medical University
(Guangzhou, China). The specimen collection started on
1 September 2020 and was completed by 31 October 2020. For
THC staining, 3-um sections were prepared. [HC staining was
performed as described in a previous study by our group (16).
In brief, the sections were dewaxed, hydrated and incubated
with anti-ACE2 antibody (1:400 dilution; cat. no. ab15348;
Abcam) overnight at 4°C. Subsequently, HRP-conjugated
secondary antibody (1:100 dilution; cat. no. BM3894; Boster
Biotechnology, Inc.) was added to the sections and incubated for
50 min at 37°C. All of the sections were stained with diamino-
benzidine and counterstained with hematoxylin. Images were
captured using an upright microscope and the expression levels
of ACE2 were evaluated by two experimenters. The data were
independently collected and evaluated by two experimenters
(GM and RZ) in a double-blind manner.

Statistical analysis. The Graphpad Prism 5 software package
(GraphPad Software, Inc.) was used to analyze the data and
draw the statistical charts. The two-tailed Student's t-test was
used to statistically analyze the results. P<0.05 was considered
to indicate a statistically significant difference.

Results

ACE2 mRNA expression in different organs of normal human
subjects. ACE2 mRNA expression was detected in different
organs of normal human subjects by analyzing RNA-seq
data from the GTEx database. ACE2 mRNA was indicated
to be highly expressed both in the small intestine and testis
(Fig. 1). These results indicated that testis may be susceptible
to SARS-CoV-2 because SARS-CoV-2 invades host cells via
ACE2 receptors.

Identification of cell types in the testes of adults and infants.
Given that SARS-CoV-2 invades host cells via ACE2 receptors
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Figure 1. ACE2 mRNA expression in different organs of normal human subjects according to the GTEx database. ACE2 mRNA was highly expressed in
normal testis (TPM(log2)=5). The box-plot presented the expression of ACE2 mRNA in various organs. The middle line of the box-plot represents the median
value. The higher the median, the higher the gene expression. ‘P<0.05; “P<0.01, female vs. male. ACE2, angiotensin-converting enzyme II.

and SARS-CoV is able to cause orchitis (7), ACE2-expression
by cell type was detected in the present study by analyzing
single-cell RNA-seq data. The R package Seurat was used
to re-analyze the scRNA-seq datasets GSE112013 and
GSE120506. In order to normalize the data, the data of the
datasets were filtered and normalized. After the data were
normalized, 1,500 genes from GSE112013 (Fig. S1) and 5,000
genes from GSE120506 (Fig. S2), with larger coefficients of
variation (min cell=3, min features=50), were selected for
subsequent analysis and the top 10 genes with the largest stan-
dard deviation were displayed. In order to reduce the linear
dimensionality, a PCA algorithm was used to analyze the
dataset. It was indicated that the PCs (P<0.05) of the dataset
from the adult testes (Fig. S3) and the infant testes (Fig. S4)
were suitable for further analysis.

A total of 3,652 individual cells from the testes of three
healthy males of peak reproductive age and 813 individual
cells from the testes of two infants (age, 13 months) were
analyzed. Using unsupervised graph-based clustering, it was
indicated that at least 12 distinct cell clusters were present in
the testicular tissues of the adult males (Fig. 2A and B) and
six cell clusters were identified in the infant testicular tissues
(Fig. 2C and D) according to their corresponding marker gene
expression profiles.

Identification of ACE2-expressing cells in adult testes. To
determine the cell types expressing ACE2, the mRNA expres-
sion of ACE2 was analyzed from scRNA-seq datasets. The
violin plots indicated that ACE2 was highly expressed in
spermatogenic cells, Leydig cells and myoid cells of the adult
male testicular tissues, but hardly expressed in endothelial
cells and macrophages (Fig. 3A). Of note, investigation of
the expression profiles of another virus receptor, dipeptidyl

peptidase 4 (DPP4) receptor for MERS-CoV virus, indi-
cated that DPP4 was highly expressed in spermatogenic
cells, Leydig cells and endothelial cells of the adult male
testicular tissues, while its expression was low in myoid cells
and macrophages. Furthermore, the expression of DPP4 in
spermatogenic cells was higher compared with that of ACE2
(Fig. 3B). ACE2-expressing myoid cells, Leydig cells and
spermatogenic cells were determined to account for 5.45, 1.24
and 0.423% of adult testicular cells, respectively (Fig. 3C).
Furthermore, DPP4-expressing spermatogenic cells, Leydig
cells and endothelial cells accounted for 6.91, 2.48 and 1.56%
of adult testicular cells, respectively (Fig. 3D). These results
indicated that SARS-CoV-2 and MERS-CoV may damage
the adult testis, as these two viral receptors have significantly
overlapped and increased expression profiles.

Identification of ACE2-expressing cells in infant testes.
To predict the effect of SARS-CoV-2 on infant testes and
determine the cell types expressing ACE2 in infant testes,
the mRNA expression of ACE2 in infant testicular tissues
was also analyzed. It was determined that ACE2 was highly
expressed in Sertoli cells of the infant testicular tissues, but
hardly expressed in spermatogenic cells and myoid cells
(Fig. 4A). ACE2-expressing Sertoli cells, spermatogenic cells
and myoid cells accounted for 5.00, 0.56 and 0.73% of infant
testicular cells, respectively (Fig. 4B). These results suggested
that SARS-CoV-2 may also damage the testes of infants.

ACE?2 protein is highly expressed in normal testicular tissues.
To determine the expression of ACE2 protein in normal
testicular tissues, the testicular tissues from 15 patients with
prostate cancer were sectioned and subjected to IHC analysis.
THC staining for ACE2 was performed on the testicular
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Figure 2. Single-cell atlas of adult and infant testes. (A) Scatter and (B) heatmap analysis of single-cell sequencing data identified twelve cell sub-clus-
ters in adult testicular cells. (C) Scatter and (D) heatmap analysis of single-cell sequencing data identified six cell sub-clusters in infant testicular cells;

tSNE, two-dimensional t-distributed stochastic neighbor embedding.

tissue sections. The results indicated that ACE2 protein was
highly expressed in the normal testicular tissues, including
spermatogenic cells, Sertoli cells, interstitial cells and myoid
cells (Fig. 5A and B). These results further demonstrated that
the testis may be target organs of SARS-CoV-2 and imply that
SARS-CoV-2 may cause testicular damage and impair repro-
ductive function, and even lead to male infertility.

Discussion

Recently, COVID-19 has caused a great health threat
throughout the world and led to the declaration of a public
health emergency of international concern by the World
Health Organization (6,13). The pathogen is SARS-CoV-2,
a single-stranded RNA virus, which has a stronger trans-
mission ability than SARS. Apart from lung injury as the
most common manifestation, COVID-19 is able to cause
systemic/multiple-organ damage, including the heart, kidney
and liver. However, whether SARS-CoV-2 infects the testis

and causes damage to male fertility function has remained
elusive.

As mentioned above, as ACE2 is the cell entry receptor for
SARS-CoV-2, it is worthwhile to detect ACE2 expression in
testicular tissue in order to explore whether male testes are a
potential target of virus invasion. In the present study, single-cell
RNA-seq expression profiles were analyzed to reveal that ACE2
was highly expressed in spermatogenic cells, Leydig cells and
myoid cells of adult testes and Sertoli cells of infant testicular
tissues, which demonstrated that not only lung and heart but
also testes are potential target organs. These results suggest that
SARS-CoV-2 may cause testicular damage and impair repro-
ductive function, even leading to male infertility.

By investigating the expression of ACE2 in normal
human testicles, it was revealed that ACE2 protein was highly
expressed in spermatogenic cells, Leydig cells and myoid cells
of the adult testes. Ding et al (17) reported that SARS-CoV
was detected in numerous organs and tissues, including the
lung, trachea, bronchus, stomach and small intestine, by using



EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 1485, 2021 5

A ACE2 B DPP4
2.01 5
4
1.51
3 £
o c
o
5 1.01 3
g
g & 2
w
0.51
| 1 A
0.01 _— 0 — ——
Spermatogenic Leydig cell Endothelial Myoid cell ~ Macrophage Spermatogenic  Leydig cell Endothelial Myoid cell Macrophage
cell cell cell cell
Cs D s
= 5.45 g 6.91
2 5 &
kol L2}
o =2 6
2 4 s
£e
o =
5 3 g 4
-] k]
2 3
% 2 %’ 2.48
3 1.24 £ 2 1.56
& 1 o
0.423 &1 l
0
ol N 0 0 : . . o0 0
Spermatogenic Leydig cell Endothelial Myoid cell ~Macrophage Spermatogenic Leydig cell Endothelial Myoid cell ~ Macrophage
cell cell cell cell

Figure 3. Expression profiles of ACE2 and DPP4 in adult testicular cells. (A) Violin plot of the expression profiles of SARS-CoV and SARS-CoV-2 receptor
ACE2 in adult testicular cells. The black rectangle represents the range from the lower quartile to the upper quartile. The upper edge of the rectangle represents
the upper quartile. The lower edge represents the lower quartile. ACE2 was highly expressed in myoid cells, Leydig cells and spermatogenic cells. (B) Violin
plot for the expression profile of middle East respiratory syndrome-CoV receptor DPP4. DPP4 was highly expressed in spermatogenic cells, Leydig cells
and endothelial cells. (C) Percentage of ACE2-expressing cells in adult testicular cells. (D) Percentage of DPP4-expressing cells in adult testicular cells.
ACE?2, angiotensin-converting enzyme II; DPP4, dipeptidyl peptidase 4; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2.
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Figure 4. Expression profiles of ACE2 in the infant testicular cells. (A) Violin plot of the expression profiles of SARS-CoV and SARS-CoV-2 receptor
ACE2 in infant testicular cells. ACE2 was highly expressed in Sertoli cells. (B) Percentage of ACE2-expressing cells in infant testicular cells. ACE2, angio-
tensin-converting enzyme II; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2.

IHC and in situ hybridization, but not in the testes. However, = microscopic examination of post-mortem materials. In the
Zhao et al (18) detected SARS-CoV in the seminiferous present study, the expression of ACE-2 in tissues from patients
epithelial and mesenchymal cells of the testes using electron ~ with COVID-19 was not examined, as it was not possible
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Figure 5. ACE2 protein is highly expressed in normal testicular tissues. IHC staining of ACE2 was used to determine whether ACE2 was expressed in the normal
testicular tissues from 15 patients with prostate cancer. IHC images of male testicular tissues from two patients, (A) case 1 and (B) case 2. The right panels demon-
strate the appearance of seminiferous tubules and interstitial cells at higher magnification as indicated by red squares in the left panels. ACE2 was highly expressed
in spermatogenic cells, Sertoli cells, interstitial cells and myoid cells (scale bars, 100 xm). ACE2, angiotensin-converting enzyme II; IHC, immunohistochemistry.

to obtain tissues from post-mortem patients. Since ACE2 is
highly expressed in testicular cells, it may be speculated that
the testis are also a potential target of SARS-CoV-2 infection.

SARS-CoV is able to cause testicular damage, mani-
fested as a thickened basement membrane of seminiferous
tubules and fibrosis of seminiferous tubules. The seminif-
erous epithelial cells were necrotic and fell off to different
degrees, resulting in a significant decrease in the number of
spermatogenic cells. Extensive germ cell destruction with
few or no spermatozoa in the lumen of seminiferous tubules
were observed. Vascular congestions, vasodilation and leuko-
cyte infiltration were present in the testicular stroma (7).
Furthermore, Ma et al (8) indicated that serum LH and PRL
levels were significantly elevated and the ratio of T:LH was
significantly decreased in patients with COVID-19, implying
dysfunction of the testes. Xu et al (1) also reported that RNA
and viral particles of SARS-CoV-2 were detected in testes, and
testes were subjected to various degrees of spermatogenic cell
reduction and injury. The present results also suggested that
ACE2 mRNA and protein were highly expressed in the testis.
SARS-CoV-2 invade into the cells via the ACE2 receptor,
the same as SARS-CoV. Therefore, SARS-CoV-2 may cause
severe pathological damage in the testes of infants and adults.

It has been reported that the virus not only causes orchitis but
also causes infertility and even increases the incidence of testic-
ular cancer. 59.2% of patients with COVID-19 were reported
to be male, of whom 56% were 0-49 years old. Therefore,
close attention should be paid for the reproductive function of
male inpatients with COVID-19, particularly those with severe

disease. If clinically cured patients were to be further followed
up and were subjected to periodic comprehensive testing of
the sperm count, morphology and vitality, it would further
the understanding of COVID-19, and is directly related to the
recovery of patients with COVID-19 and their quality of life.
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