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Abstract  1 

Context. Infection by SARS-CoV-2 may be associated with testicular dysfunction that could affect 2 

male fertility. 3 

Objective. Testicles of fatal COVID-19 cases were investigated to detect virus in tissue and to evaluate 4 

histopathological and transcriptomic changes. 5 

Methods. Three groups were compared: a. uninfected controls (subjects dying of trauma or sudden 6 

cardiac death; n=10); b. subjects dying of COVID-19 (virus-negative in testes; n=15); c. subjects dying 7 

of COVID-19 (virus-positive in testes; n=9). SARS-CoV-2 genome and nucleocapsid antigen were 8 

probed using RT-PCR, in situ hybridization, immunohistochemistry (IHC). Infiltrating leukocytes were 9 

typed by IHC. mRNA transcripts of immune-related and testis-specific genes were quantified using the 10 

nCounter method. 11 

Results. SARS-CoV-2 was detected in testis tissue of 9/24 (37%) COVID-19 cases accompanied by 12 

scattered T-cell and macrophage infiltrates. Size of testicles and counts of spermatogenic cells were not 13 

significantly different among groups. Analysis of mRNA transcripts showed that in virus-positive 14 

testes immune processes were activated (interferon-alpha and -gamma pathways). By contrast, 15 

transcription of 12 testis-specific genes was downregulated, independently of virus positivity in tissue. 16 

By IHC, expression of the luteinizing hormone/choriogonadotropin receptor was enhanced in virus-17 

positive compared to virus-negative testicles, while expression of receptors for androgens and the 18 

follicle-stimulating hormone were not significantly different among groups. 19 

Conclusion. In lethal COVID-19 cases, infection of testicular cells is not uncommon. Viral infection 20 

associates with activation of interferon pathways and downregulation of testis-specific genes involved 21 

in spermatogenesis. Due to the exceedingly high numbers of infected people in the pandemic, the 22 

impact of virus on fertility should be further investigated. 23 

24 
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Introduction 1 

The pandemic caused by the Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) 2 

produced more than 600 million infections and about 6.5 million deaths worldwide (last accessed: 3 

September 03, 2022, https://coronavirus.jhu.edu/map.html). Previous work demonstrated that the 4 

responsible virus may target endocrine organs such as the adrenals 
1, 2

, thyroid 
3, 4

, ovaries 
5
, pancreatic 5 

islets 
6-8

, pituitary 
1, 9-11

 and adipose tissue 
12

. In autoptic specimens of COVID-19 subjects, the virus 6 

has been detected in a variety of endocrine cells and, possibly, is linked with endocrine dysfunctions 
13-

7 

15
. The virus has also been detected in semen suggesting that fertility is affected 

16, 17
. The tropism of 8 

SARS-CoV-2 is governed by the expression of multiple cell entry factors 
18

. It is plausible that SARS-9 

CoV-2 enters cells of the male reproductive tract through the angiotensin-converting enzyme 2 10 

(ACE2)/transmembrane serine protease 2 (TMPRSS2) pathway 
19

. In fact, autopsy studies of lethal 11 

COVID-19 cases showed high-levels of ACE2 and TMPRSS2 mRNA transcripts in testicles, while 12 

moderate TMPRSS2 staining was observed in glandular cells of the prostate 
20

. Single-cell RNA 13 

sequencing of testicular cells showed that ACE2 is highly transcribed in Sertoli cells, Leydig cells and 14 

spermatogonia 
21

 in addition to myoid, stromal, and spermatogonial stem cells 
22

. In contrast, the 15 

expression of TMPRSS2 seems limited to spermatogonial stem cells, spermatogonia, spermatocytes 16 

and spermatids 
22

. Thus, it appears that SARS-CoV-2 entry factors are widely expressed in testicular 17 

cells. However, a functional blood-testis barrier – whose task is to protect the reproductive cells from 18 

autoimmune attacks and infectious agents 
23, 24

 – is expected to hinder the penetration of viruses into 19 

testes. 20 

Interestingly, it has been shown in multiple organs that ACE2 and TMPRSS2 are expressed at higher 21 

levels in men than in women, suggesting a sex-centered bias in virus susceptibility 
25

. It has also been 22 

proposed that immune-mediated pathology may contribute to damage of testicles in COVID-19 and to 23 

reduce the semen index 
26

. Though infection of the male genital tract is a possible event during 24 

ACCEPTED M
ANUSCRIP

T



5 

COVID-19, two studies failed to detect the virus in testicles 
16, 27

 while one study detected the virus in 1 

testicles of two COVID-19 cases using both RT-PCR and immunohistochemistry 
28

. At autopsy, virus 2 

particles were observed in the interstitial compartment of testicles suggesting an indirect impairment of 3 

spermatogenesis 
28

. 4 

Likewise, clinical reports indicate that COVID-19 cases may associate with a reduction of sex hormone 5 

levels [i.e., testosterone (T), follicle-stimulating hormone (FSH), luteinizing hormone (LH)], 6 

suggesting a dysfunction of the hypothalamic–pituitary–gonadal (HPG) axis 
29, 30

. Published post 7 

mortem studies have demonstrated age-related changes in daily sperm production and testicular 8 

weights
31

 and that the efficacy of hormonal methods to suppress spermatogenesis varies across ethnic 9 

groups
32

. Our study of fatal COVID-19 cases aimed at detecting SARS-CoV-2 in testicle specimens 10 

and at evaluating histopathological changes and inflammatory infiltrates. In addition, levels of mRNA 11 

transcripts of immune-related genes and testis-specific genes were quantified to check whether 12 

infection were associated with dysfunctional changes in gene expression of testicular cells. 13 

 14 

Materials and methods 15 

Investigated COVID-19 cases and controls 16 

As shown in Table 1, three case groups have been investigated: a) controls, i.e. subjects who died 17 

abruptly from non-infectious causes (trauma, sudden cardiac death; n=10); b) subjects dying from 18 

COVID-19 (SARS-CoV-2-negative in testes; n=15); c) subjects dying from COVID-19 (SARS-CoV-2-19 

positive in testes; n=9). The investigated subjects were of Caucasian ethnicity. Autopsies have been 20 

performed in a BSL3 facility 
33

  at the Unit of Forensic Medicine (Azienda USL Toscana Nord Ovest, 21 

Lucca, Italy) that serving four major Hospitals: Pisa, Lucca, Livorno and Massa-Carrara. The three 22 

groups were comparable with regard to comorbidities. The current observational study was approved 23 

by the local Ethics Committee (Comitato Etico Area Vasta Nord-Ovest, Italy No. 17327, 2020-05-14). 24 
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All cases were screened for the SARS-CoV-2 genome in both lungs as well as in testis tissue. As 1 

previously reported
3
, the virus and alterations of lung parenchyma consistent with moderate to severe 2 

disease were detected in all COVID-19 cases, not in controls. For histology, virus detection and 3 

analysis of mRNA transcripts, two tissue specimens (surface area of about 1.5 cm
2
) were taken as 4 

representing the entire testis. Specimens of COVID-19 cases were compared to those of uninfected 5 

controls regarding histopathological features and infiltrating leukocytes, detection of SARS-CoV-2 6 

genome and antigens, transcription levels of immune-related and testis-specific genes. Histopathology 7 

of testis tissue of a SARS-CoV-2-positive case is shown in Figure 1A. 8 

 9 

Histopathology and immunohistochemistry (IHC) 10 

Three-μm-thick sections were used for immunohistochemistry (IHC). For viral antigens, a SARS-CoV-11 

2 nucleocapsid antibody was used (NB100-56683, Novus Biologicals, Centennial, CO, USA, RRID: 12 

AB_838841). In addition, expression of the following immune cell markers (CONFIRM series, 13 

Ventana Medical Systems, AZ, USA) was evaluated: anti-CD20 (B-cell marker clone L26; RRID 14 

AB_2335956), anti-CD3 (T-cell marker clone 2GV6; RRID AB_2335978), anti-CD45, LCA (pan-15 

leukocyte marker clone RP2/18; RRID AB_2335953), anti-CD57 (natural killer, NK cell marker clone 16 

NK1; RRID AB_2920583), anti-CD68 (macrophage marker, clone KP-1; RRID AB_2335972), anti-17 

CD8 (cytotoxic T-cell marker, clone SP57; RRID AB_2335985). Slides were counterstained with 18 

hematoxylin and bluing reagent. The IHC staining for immune cell markers was evaluated in ten 19 

randomly selected 40x fields, and mean counts were compared among groups. IHC detection of the 20 

androgen receptor (AR), follicle stimulating hormone Receptor (FSHR), luteinizing 21 

hormone/choriogonadotropin receptor (LHCGR) was performed with the following antibodies: AR 22 

rabbit mAb 760-4605 (Ventana Medical Systems; RRID AB_2921271); FSHR mouse mAb 6E8.2F5 23 

(Novus Biologicals; RRID AB_2895285); LHR rabbit polyclonal antibody NLS1436 (Novus 24 
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Biologicals; RRID AB_10001001). The percentage of AR and FSHR in seminiferous tubuli is reported 1 

together with that of LHCGR in extra-tubular cells. 2 

 3 

Testicles size and evaluation of germ cells in seminiferous tubuli 4 

For each case, testicular length and width in centimeters was measured with a ruler and noted, but the 5 

side of the body of the measured testis was not recorded. For each case, spermatogenic populations 6 

were typed and counted in H&E slides at 40x. In each section, 40-70 tubules were observed. 7 

Spermatogonia, spermatocytes, and spermatids were counted. Spermatogonia lie in the basal 8 

compartment of adult testes. Their nuclei are oval to round and have one or two easily identifiable 9 

nucleoli. Primary spermatocytes and secondary spermatocytes have not been distinguished from each 10 

other but evaluated as a single category. Their nuclei are larger than those of spermatogonia with finely 11 

granular chromatin. Secondary spermatocytes undergo the second meiotic division to produce 12 

spermatids. Spermatids have been considered as a single category, though the classification of Heller-13 

Clermont differentiates six types 
34

. The late spermatid forms are characterized by a change in the 14 

nuclear shape to an oval contour, then to an elongated appearance and a marked condensation of 15 

chromatin. Well preserved spermatozoa could not be clearly detected in the analyzed slides. 16 

 17 

Detection of SARS-CoV-2 genome and transcripts by RT-PCR and by in situ hybridization 18 

RNA was isolated from two to three 10 µm-thick sections by the RNeasy FFPE kit (Qiagen, Hilden, 19 

Germany). RNA was quantified using an Xpose spectrophotometer (Trinean, Gentbrugge, Belgium). 20 

The Easy SARS-CoV-2 WE kit (Diatech Pharmacogenetics, Jesi, Italy) was used to detect the virus 21 

genome in lung and testis specimens. For each assay, about 250 ng of RNA were utilized. According to 22 

the manufacturer’s instructions, specimens were deemed virus-positive when the nucleocapsid (N) gene 23 
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was amplified before the 36th cycle threshold (Ct) and/or the RNA-dependent RNA polymerase 1 

(RdRp) gene was amplified before the 38th Ct. 2 

In situ hybridization (ISH) was performed using the RNAscope Probe V-nCoV2019-S (Advanced Cell 3 

Diagnostics, Bio-Techne, Minneapolis, MN, USA) and the RNAscope Intro Pack 2.5 HD Reagent Kit 4 

Brown for manual assays. The probe targets the SARS-CoV-2 spike (S) gene and was designed on the 5 

original Wuhan-Hu-1 sequence (NC_045512.2). Positive and negative control probes target the human 6 

peptidylprolyl isomerase B (PPIB) gene and the bacterial dapB gene of Bacillus subtilis, respectively. 7 

Unstained 4 µm-thick sections were incubated with target retrieval reagents at 100°C for 15 minutes. 8 

Washing steps and treatment with proteases at 40°C for 30 minutes were performed followed by probe 9 

hybridization. Detection was carried out by DAB staining. Slides were counterstained with 10 

hematoxylin. 11 

 12 

Transmission electron microscopy 13 

Small pieces of testis tissue (approximately 1 mm
3
) were fixed with 2.5% glutaraldehyde in 100 mM 14 

sodium cacodylate buffer for 3 hours at 4°C and processed for transmission electron microscopy 
35

. 15 

Samples were post-fixed in 1% osmium tetroxide for 1 hour, dehydrated in graded series of ethanol 16 

solutions and embedded in Epon Araldite resin. Ultrathin sections were stained with uranyl acetate and 17 

lead citrate and analyzed with a Jeol 100 SX transmission electron microscope (Jeol, Tokyo, Japan). 18 

Digital images and measurements were acquired using an AMT image capture software (AMT, 19 

Woburn, MA, USA).  20 

 21 

Transcription levels of virus-specific, immune-related and testis-specific genes as measured by the 22 

nCounter method 23 
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nCounter assays (nanoString Technologies, Seattle, WA, USA) were performed using 175 ng of RNA 1 

per assay. Hybridization was carried out at 65°C for 21 hours. Three probe panels were used: A) the 2 

Coronavirus Panel Plus that includes 9 probes targeting the SARS-CoV-2 virus, 1 probe for the human 3 

gene encoding ACE2, and probes targeting the N and S ORFs of coronaviruses other than SARS-CoV-4 

2 (HCoV-229E, HCoV-HKU1, HCoV-NL63, HCoV-OC43, and SARS-CoV). Probes for SARS-CoV-5 

2 were designed on the reference sequence Wuhan-Hu-1 (NC_045512); B) the Human Host Response 6 

panel that includes 773 genes covering the host immune response to infectious diseases, plus 12 7 

internal reference housekeeping genes for data normalization; C) a custom panel that contains 10 8 

housekeeping genes and 12 testis-specific genes: ACTL7B (testis tissue sperm-binding protein li 43a); 9 

ADAD1 (testis-specific adenosine deaminase domain containing 1 that plays a role in spermatogenesis); 10 

ADAM2 (ADAM metallopeptidase domain 2, a sperm surface membrane protein involved in sperm-egg 11 

plasma membrane adhesion and fusion during fertilization); CCDC70 (coiled-coil domain-containing 12 

protein 70 in plasma membrane); H2AC1 (H2A clustered histone 1 that plays a role in transcription 13 

regulation, DNA repair, DNA replication and chromosomal stability); H2BC1 (H2B clustered histone 14 

1, a variant histone required to direct the transformation of dissociating nucleosomes to protamine in 15 

male germ cells); HMGB4 (high mobility group box 4, a nuclear protein regulating transcription by 16 

RNA polymerase II); LYZL1 (lysozyme-like protein 1 located in the extracellular region); SLC25A31 17 

(solute carrier family 25 member 31 that exchanges cytosolic ADP for matrix ATP in mitochondria and 18 

is required in spermatocytes); SUN5 (sperm-associated antigen 4-like protein that plays a role in the 19 

meiotic stage of spermatogenesis anchoring sperm head to the tail); TEX33 (testis-expressed protein 33 20 

that is found in the cytoplasm of round spermatids but less in elongated spermatids); TUBA3C (tubulin 21 

alpha 3c, a major constituent of microtubules). The choice of testis-specific genes was based on The 22 

Human Protein Atlas (https://www.proteinatlas.org/). The top testis tissue-enriched genes were 23 

selected, while genes expressed also in other tissues were filtered out. 24 

ACCEPTED M
ANUSCRIP

T



10 

 1 

Data analyses 2 

Raw gene expression counts were normalized using the Advanced Analysis module of the nSolver 3 

software v.4.0 (nanoString Technologies) after filtering out low-count genes. Normalized counts were 4 

log2-transformed. To compute differentially expressed genes (DEG), controls were used as baseline 5 

and were contrasted against virus-positive and virus-negative testis samples of the COVID-19 group. 6 

Age was used as confounder and p-values were adjusted by the Benjamini-Hochberg method. DEG 7 

analysis was performed following the procedures of the Advanced Analysis module in the nSolver 8 

software. A false discovery rate (FDR) below 0.05 was considered significant. The ranked gene lists 9 

were then used for Gene Set Enrichment Analysis (GSEA) following the procedures of the 10 

clusterProfiler Bioconductor package v.4.2.0. The Hallmark (H) and Gene Ontology (C5) collections 11 

from the Mutational Signatures Database (MutSigDB) v.7.4 were used as reference. IHC scores were 12 

compared by ANOVA using age as confounder followed by Tukey’s test. With the exception of gene 13 

expression normalization and DEG computing, all analyses were performed in the R environment 14 

v.4.1.2 (https://www.r-project.org/, last accessed March 14, 2022).  15 

 16 

Results 17 

 18 

Detection of SARS-CoV-2 in testicles 19 

By real-time RT-PCR, the SARS-CoV-2 genome was detected in 9/24 (37%) testis specimens from 20 

COVID-19 cases. Only four of the latter cases showed detectable amounts of SARS-CoV-2 transcripts 21 

using the nCounter assay (hybridization assay without gene amplification). These findings show that 22 

the majority of COVID-19 cases had low viral loads in testis tissue. None of the controls was virus-23 

positive by either RT-PCR or the nCounter assay. SARS-CoV-2 positivity by real-time RT-PCR was 24 
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confirmed by IHC staining for the nucleocapsid antigen and of ISH for the visualization of the viral 1 

genome (Figure 1B and 1C). In a few samples, the presence of SARS-CoV-2 was confirmed by 2 

electron microscopy that showed enveloped virus-like particles (approximately 100nm in diameter) and 3 

faint projections on the surface (Figure 2). Virus-like particles were located in the cytoplasm within 4 

membrane-bounded vesicles. 5 

 6 

Size of testicles and evaluation of germ cells in seminiferous tubuli 7 

As shown in Table 2, the length and width of testicles at autopsy were not significantly different 8 

among the investigated groups. Similarly - as assessed in H&E slides - the counts of spermatogonia, 9 

spermatocytes and spermatids were not significantly different among groups. Possibly related to the 10 

slightly greater mean age of COVID-19 groups compared to uninfected controls, the size of testicles 11 

and the numbers of spermatogenic cells tended to be slightly - but not significantly - lower in the two 12 

COVID-19 groups. 13 

 14 

Histopathology and inflammatory infiltrates in testes of COVID-19 cases and controls 15 

No differences in histopathological features were observed between COVID-19 subjects and controls, 16 

but inflammatory cell infiltrates were more represented in the COVID-19 cohort compared to controls 17 

independently of virus presence in testis tissue. CD3 and CD8-positive T-cell infiltrates were scattered 18 

among seminiferous tubuli (Figure 1D), while clusters of CD68 macrophages were found in the extra-19 

tubular space (Figure 1E). CD20 B cells and CD57 NK cells were absent or extremely rare. Due to the 20 

large intra-group variation, no significant differences were found between cases that were SARS-CoV-21 

2 positive or negative in testis tissue. 22 

 23 
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Transcripts of immune-related genes in testicles of COVID-19 subjects as measured by the nCounter 1 

method 2 

Gene expression analysis in testes of subjects dying of COVID-19 showed a predominant upregulation 3 

of immune genes independently of virus detection in the testes. However, gene expression changes 4 

were not statistically significant after multiple comparison correction due to relatively low sample size, 5 

overall small fold changes and high standard errors demonstrating a high intra-group variability. 6 

Remarkably, transcript levels of the ACE2 gene were not significantly different between COVID-19 7 

cases and controls (FDR=0.99 and FDR=0.47 in virus-positive and virus-negative COVID-19 cases, 8 

respectively). As shown in Table 3, only one gene, the interferon alpha inducible protein 6 (IFI6) – that 9 

is endowed with antiviral activity and negatively regulates the intrinsic apoptotic pathway – was 10 

strongly upregulated in virus-positive testicles compared to controls (FDR=0.001). A trend to enhanced 11 

transcription was also seen for the ISG15 and MARCO genes. ISG15, a ubiquitin-like protein, binds 12 

intracellular target proteins upon activation by type I interferons. MARCO (macrophage receptor with 13 

collagenous structure) is part of the innate antimicrobial immune system.  14 

 15 

Significantly deregulated gene pathways in the two COVID-19 groups versus the control group 16 

To identify possible alterations of immune pathways, a Gene Set Enrichment Analysis (GSEA) was 17 

performed. The deregulated gene pathways are summarized in Table 4. Interestingly, in virus-positive 18 

testicles numerous immune processes were significantly enhanced, including the interferon-gamma and 19 

alpha response, the TNF-alpha signaling via NFkB, the complement pathway and the inflammatory 20 

response. The latter processes were activated with FDR values ranging from 0.000006 to 0.04. 21 

Conversely, in virus-negative testicles only two immune processes were significantly activated: the 22 

inflammatory response and the allograft rejection pathway (FDR 0.02 and 0.03, respectively). 23 

 24 
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Transcription levels of testis-specific genes in testicles of COVID-19 subjects as measured by the 1 

nCounter method 2 

As compared to uninfected controls who died abruptly of trauma or sudden cardiac death, the 3 

transcripts of 12 testis-specific genes were downregulated in testicles of COVID-19 cases (both virus-4 

positive and virus-negative). However, statistical significance was not reached due to the relatively low 5 

numbers of investigated cases and the high intra-group variability. Data are presented in Table 3. 6 

Downregulation was more pronounced for SLC25A31 that is expressed in spermatocytes, TEX33 that is 7 

specific of round spermatids, TUBA3C a major constituent of microtubules, ADAD1 that is required for 8 

male fertility and normal male germ cell differentiation. 9 

 10 

Correlation of inflammatory infiltrates with transcription levels of testis-specific genes 11 

Aging, ethnicity and chronic illness are independent in their effects on testicular size and function 
32, 36

. 12 

In the investigated subjects, the macroscopic appearance and cellular composition of testicular tissue 13 

was not markedly different between COVID-19 cases and controls, with the exception of modest 14 

inflammatory infiltrates in the virus-infected group. Thus, in analyzing transcript levels of testis-15 

specific genes, the effects of age and BMI as potential confounders were subtracted. The correlation of 16 

testis-specific gene transcripts with the abundance of different types of infiltrating immune cells 17 

(CD45, CD3, CD8, CD68) was also evaluated. As shown in Figure 3, immune cell counts were 18 

positively correlated among themselves. The same was true for transcripts levels of testis-specific 19 

genes. In contrast, levels of infiltrating immune cells were negatively related to selected testis-specific 20 

transcripts (ADAD1, ADAM2, H2AC1, H2BC1, SLC25A31, TUBA3C). Interestingly, transcription of 21 

genes mostly expressed in spermatidis (ACTL7B, CCDC70, HMGB4, LYZL1, SUN5, TEX33) was 22 

reduced but not related to immune cell counts. 23 
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Though the reduced transcription of some testis genes may be explained - at least in part - by the 1 

presence of immune infiltrates, the transcription of spermatids-specific genes was suppressed 2 

independently of the presence of inflammatory cells. Of note, counts of spermatogenic cells were not 3 

significantly different among the investigated groups (two COVID-19 groups and uninfected controls). 4 

 5 

Immunohistochemical evaluation of sex hormone receptors in testis sections 6 

The expression of the AR, FSHR and LHCGR was evaluated by immunohistochemistry in testis 7 

sections (Figure 1F, G, H). Figure 4 shows a quantitative analysis of IHC results. Though statistical 8 

significance was not reached, a trend to enhanced expression levels of AR was observed in COVID-19 9 

cases (15.1% and 18.6% on average in virus-positive and virus-negative cases respectively) compared 10 

to controls (5.6%). Similarly, statistically significant differences were not observed in FSHR 11 

expression levels though a trend to reduction was present for FSRH in testes of COVID-19 cases 12 

(25.7% in virus-positive and 37.1% in virus-negative) compared to controls (47.5%). By contrast, 13 

expression of LHGCR was significantly enhanced in virus-positive testes (21.6%) compared to both 14 

virus-negative testes (6.7%, p=0.05) and to uninfected controls (3.7%, p=0.03). 15 

 16 

Discussion 17 

Infection by SARS-CoV-2 may be associated with testicular dysfunction 
20, 22

. Since the virus entry 18 

factors ACE2 and TMPRSS2 are expressed in testicular cells 
20, 22, 37

, SARS-CoV-2 infection has the 19 

potential for damaging somatic and germline cells 
38

. In our study of lethal COVID-19 cases, RT-PCR 20 

assays could detect the SARS-CoV-2 genome in testicles of about one third of cases. In virus-positive 21 

cases, staining for the nucleocapsid antigen and ISH for detecting the viral genome confirmed the 22 

presence of virus in cells of the extra-tubular space (possibly Leydig cells) and in cells of seminiferous 23 

tubuli, i.e. cells involved in the production of gametes. The presence of virus-like particles in sections 24 
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of testicle tissue was also confirmed by electron microscopy, but the type of virus-infected cells was 1 

difficult to identify. Notably, no major histopathological changes were observed in testicles of COVID-2 

19 cases, suggesting the apparent lack of morphologically detectable tissue damage. Importantly, cases 3 

that were virus-positive in testes showed a significantly shorter mean time from initial symptoms to 4 

death compared to cases that were virus-negative in the organ, suggesting that the presence of virus 5 

was associated with the more severe or more acute forms of infection. 6 

Moderate infiltrates of T-lymphocytes and macrophages were detected in testicles of COVID-19 cases. 7 

Our findings are in line with a report of Ma and collaborators 
28

 who investigated the possible 8 

alterations of spermatogenesis in severe COVID-19 cases. The study of Ma et al. 
28

 showed that SARS-9 

CoV-2 antigens are expressed in cells of seminiferous tubuli as well as in cells of the extra-tubular 10 

space. This report also showed that the ACE2 and TMPRSS2 entry factors are expressed more 11 

intensely in testicular sections of COVID-19 cases as compared to uninfected controls 
28

. Notably, the 12 

expression of ACE2 has been shown to be enhanced in subjects with obesity 
39

 and is also potentiated 13 

by androgens 
17

. In the course of SARS-CoV-2 infection, some cases of hypogonadism and reduced 14 

levels of testosterone have been reported 
17, 30

. These could be related to hypofunctional Leydig cells 15 

that produce testosterone 
40, 41

. It is known that testicle functions are regulated by pituitary hormones, 16 

notably by FSH and LH. For this reason, tissue sections were evaluated by IHC to assess the expression 17 

levels of reproductive hormone receptors. Though not significantly different among groups, the 18 

percentage of AR-positive cells in seminiferous tubuli tended to be higher in COVID-19 cases 19 

compared to controls, while the percentage of FSHR-positive cells was reduced in seminiferous tubuli. 20 

Interestingly, the percentage of LHCGR-positive extra-tubular cells was significantly higher in tissue 21 

of subjects that were virus-positive in testes compared to those that were virus-negative in testes and to 22 

uninfected controls. The significance of the enhanced expression of LHCGR in virus-containing testes 23 

remains unclear. Based on previous observations of pituitary tissue in COVID-19 cases
42

, the 24 
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upregulation of LHCGR in SARS-CoV-2-positive testes may be related to a feedback adaptation to 1 

reduced circulating levels of LH. 2 

Transcription analysis of immune-related genes showed the upregulation of three genes of the innate 3 

antiviral immunity: IFI6, ISG15 and MARCO. The IFI6 protein protects uninfected cells by preventing 4 

the formation of virus-induced endoplasmic reticulum membrane invaginations that are needed for 5 

virus replication 
43

. This IFN-stimulated gene is active against a variety of agents, including SARS-6 

CoV-2 and Zika virus 
44

. ISG15 contributes to activate the melanoma differentiation-associated protein 7 

5 (MDA5), a key sensor of viral nucleic acids. Notably, SARS-CoV-2 antagonizes this gene product 8 

through a virus-coded protease 
45, 46

. Finally, type I IFNs also upregulate the scavenger macrophage 9 

receptor MARCO that plays multiple roles in innate immunity 
47

. 10 

Activation of the IFN response in testes of COVID-19 patients was confirmed by GSEA that showed a 11 

significant upregulation of the IFN-alpha and IFN-gamma responses. This corroborates our previous 12 

findings in autopsy cases of COVID-19 regarding other endocrine organs and confirmed that IFN-13 

mediated defenses are essential for the antiviral protection of endocrine tissues 
3, 15, 42, 48, 49

. 14 

Notably, the size of testicles and the counts of spermatogenic cells in seminiferous tubuli were not 15 

significantly different among the investigated groups. However, testis-specific transcripts tended to be 16 

downregulated in COVID-19 cases compared to controls, independently of virus detection within 17 

testicles. Though the high intra-group variation and the small number of investigated cases did not 18 

allow to reach statistical significance for individual genes, downregulation of an entire set of genes 19 

indicates that infection by SARS-CoV-2 contributes to reducing testicular functions through a direct 20 

effect of virus on testicular cells and, possibly, as bystander effect of inflammatory and immune 21 

processes 
22

. The finding that counts of infiltrating immune cells were negatively correlated to selected 22 

testis-specific transcripts may also be explained by the “dilution effect” of infiltrating immune cells in 23 

testicle tissue, and/or by the suppression of transcription brought about by activation of the IFN system 24 
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in the context of a local inflammatory infiltrate 
50

. The suppressed transcription of spermatids-specific 1 

genes was, however, independent of immune cell infiltrates. In the case of mumps virus, which is well 2 

known for affecting male fertility, the ability of the virus to disrupt the blood-testis barrier has been 3 

demonstrated 
51

. More recently, it has been shown that emerging pathogens such as Zika, Lassa, Ebola 4 

and Marburg viruses can infect testes in humans and affect fertility 
52

. The same should be taken into 5 

consideration for SARS-CoV-2. 6 

Our observational study has some limitations: a) small numbers of cases have been analyzed in each 7 

group; b) autoptic specimens usually refer to patients with severe infection, which may not reflect the 8 

conditions proper of mild to moderate cases; c) the times before death varied among cases; d) serum 9 

reproductive hormones were not measured e) autopsy and tissue collection were mostly performed days 10 

after death, thus tissue morphology may be not well preserved; f) the SARS-CoV-2 variants 11 

responsible of the investigated cases were not ascertained. 12 

In conclusion, the findings show that the presence of SARS-CoV-2 in testicles is associated with 13 

activation of IFN pathways and with the downregulation of testis-specific genes that play a role in 14 

spermatogenesis. Due to the exceedingly high number of people infected in the course of the pandemic, 15 

SARS-CoV-2 could greatly impact fertility. Preventive and therapeutic measures that may limit the 16 

impact of virus on human reproduction are encouraged. 17 
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 25 

Figures legends 26 

Figure 1. Histopathology and immunostaining of testis specimen of COVID-19 autopsy cases 27 

A) Hematoxylin and eosin staining: well-preserved seminiferous tubuli in a COVID-19 case (original 28 

magnification 10X, scale bar 100 µm). B) Spike RNA genome/transcripts of SARS-CoV-2 revealed by 29 

in situ hybridization in testis of a COVID-19 case. Brown granuli are detected more frequently in 30 

Leydig cells (black arrow; original magnification 60X, scale bar 50 µm). C) Granular brown staining 31 

for the SARS-CoV-2 nucleocapsid (N) antigen distributed mainly in cells of the extra-tubular space 32 

(original magnification 60X, scale bar 50 µm). D) CD8 T-cells scattered among seminiferous tubuli 33 

(original magnification 20X, scale bar 50 µm). E) Cluster of CD68 macrophages in the extra-tubular 34 

space (original magnification 20X, scale bar 100 µm). F) Brown nuclear staining for the androgen 35 

receptor in several cells of seminiferous tubuli (original magnification 40X, scale bar 50 µm). G) 36 
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Prevalent brown cell membrane staining for the FSH receptor in cells of seminiferous tubuli (original 1 

magnification 40X, scale bar 50 µm). H) Expression of the LHCG receptor in a COVID-19 case that 2 

was virus-positive in testis tissue: diffuse brown staining of cells in the extra-tubular space (original 3 

magnification 20X, scale bar 100 µm). 4 

Figure 2. Transmission electron microscopy of testicle tissue from a 73 years-old COVID-19 5 

subject. A) Micrograph showing the lamina propria of testis. Arrows indicate longitudinal and cross 6 

section collagen fibers. The arrowhead indicates a vesicle surrounded by membrane containing virus-7 

like particles. n: nucleus. Scale bar, 1 µm. B) Higher magnification of the vesicle in A. Virus-like 8 

particles showing the envelope membrane and faint projections on their surface. Scale bar, 200 nm. 9 

Figure 3. Correlation between immune cell counts and transcription levels of testis-specific genes. 10 

Immune cell counts were positively correlated among themselves. The same occurred for transcripts 11 

levels of testis-specific genes. In contrast, levels of infiltrating immune cells were negatively related to 12 

selected testis-specific transcripts (ADAD1, ADAM2, H2AC1, H2BC1, SLC25A31, TUBA3C). 13 

Transcription of genes mostly expressed in spermatidis (ACTL7B, CCDC70, HMGB4, LYZL1, SUN5, 14 

TEX33) was reduced but not related to immune cell counts. Shades of blue, degree of positive 15 

correlation,; shades of red, degree of negative correlation. Non-significant correlations are marked with 16 

X. 17 

Figure 4. Immunohistochemical expression of reproductive hormone receptors in testicle tissue of 18 

COVID-19 cases and controls. Expression of androgen receptor (AR), and follicle stimulating 19 

hormone receptor (FSHR) in seminiferous tubuli. Expression of luteinizing 20 

hormone/choriogonadotropin receptor (LHCGR) in extra-tubular cells. Mean percentages of stained 21 

cells ± S.D. are presented. Asterisks indicate statistically significant results (p<0.05). 22 
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 1 
 2 

Tables 3 

Table 1. Demographic and clinical characteristics of autopsy cases 4 

 5 

 Control subjects 

(n=10) 
COVID-19 subjects (n=24) 

 
SARS-CoV-2 negative 

(n=10) 

SARS-CoV-2 

negative in testes 

(n=15) 

SARS-CoV-2 

positive in testes 

(n=9) 

Detection of SARS-

CoV-2 by RT-PCR 

   

Lungs negative positive positive 

Testis negative negative positive 

    

Age    

years, median (range) 63.5 (20-81) 70 (41-85) 73 (39-89) 

    

BMI
1
    

kg/m
2
, median (IQR

2
)
 
 23.7 (22.2-24.0) 25.7 (23.6-27.7) * 26.1 (23.7-32.3) * 

    

Previous diseases    

    

Cardiovascular 

disease 

4 (40%) 8 (53%) 5 (56%) 

Chronic pulmonary 

disease 

0 1 (7%) 1 (11%) 

Diabetes 0 2 (13%) 4 (44%) 

Malignancy 2 (20%) 2 (13%) 0 

Severe kidney 1 (10%) 0 2 (22%) 
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impairment
1
 

Neurological disease 1 (10%) 0 0 

    

Received a COVID-19 

vaccine 

   

single shot 0 0 1 (11%) 

two or more shots 2 (20%) 3 (20%) 2 (22%) 

    

Respiratory support    

Simple oxygen 0 1 (7%) 2 (22%) 

Mechanical 

ventilation 

0 10 (67%) 1 (11%) 

    

COVID-19 treatment NA Non-steroidal anti-inflammatories; 

corticosteroids; antibacterials/antifungals; 

prophylactic anticoagulation or full dose 

heparinization. Remdesivir in some cases.  

As needed: inotropic drugs, inhaled 

bronchodilators, insulin or metformin, 

levothyroxine 

  

  

    

Days from initial 

symptoms to death 

   

median (IQR**)  NA 21 (6-27) 6 (4-7) * 

    

Days from death to 

autopsy 

   

median (IQR
2
) 3 (2-5) 1 (1-4) 4 (3-5) 

1. BMI, body mass index. BMI was significantly higher in COVID-19 cases as compared to controls. 1 

2. IQR, interquartile range. 2 
*, the asterisk indicates a statistical difference among groups **IQR, interquartile range 3 
 4 
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Table 2. Size of testicles and counts of spermatogenic cells in uninfected control subjects and 1 

Covid-19 subjects. 2 

 3 

 Control subjects (n=10) COVID-19 subjects (n=24) 

 Controls (n=10) 
SARS-CoV-2 negative 

in testes (n=15) 

SARS-CoV-2 positive 

in testes (n=9) 

Testicle size (cm)
1
 

Length 4.7 ± 0.8 4.3 ± 0.7 4.3 ± 0.5 

Width 4.0 ± 0.5 3.5 ± 0.5 3.5 ± 0.4 

Spermatogenic cells (numbers per 10 tubuli)
2
 

Spermatogonia 249.0± 172.7  183.4 ± 131.4  190.0 ± 85.7  

Spermatocytes 278.4 ± 199.2  148.0 ± 120.2  178.0 ± 87.7  

Spermatids 292.0 ± 223.2  152.3 ± 129.2  191.3 ± 90.5  

1. Length and width of testicles as measured with a ruler at autopsy (mean ± SD). No statistically 4 

significant differences were found among groups using one-way Anova by Tukey test. 5 
2. Differential counts of spermatogenic cells in H&E slides (mean ± SD). No statistically 6 

significant differences were found among groups using one-way Anova by Tukey test. 7 

 8 
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Table 3. Deregulated expression of immune-related and testis-specific genes. 1 

 2 

Gene 
Cellular localization 

of transcripts 

COVID-19 SARS-

CoV-2-negative in 

testicles vs. control 

COVID-19 SARS-CoV-2-

positive in testicles vs. 

control 

Log2 FC FDR Log2 FC FDR 

Immune-related genes 

IFI6  

(IFN-alpha Inducible 

Protein 6) 

- 1.08 0.18 2.69 0.001* 

ISG15  

(Ubiquitin Like Modifier) 
- -0.14 0.86 1.99 0.14 

MARCO  

(Macrophage Receptor 

With Collagenous 

Structure) 

- 1.99 0.15 2.66 0.14 

Testis-specific genes 

SLC25A31  

(Solute Carrier Family 25 

Member 31) 

Spermatocytes 

Spermatidis 

Leydig Cells* 

-0.74 0.137 -0.60 0.149 

H2AC1  

(H2A Clustered Histone 

1) 

Male germ cells -0.49 0.422 -0.60 0.246 

HMGB4  

(High Mobility Group 

Box 4) 

Spermatidis -1.65 0.423 -1.92 0.273 

ADAD1  

(Adenosine Deaminase 

Domain Containing 1) 

Spermatidis 

Spermatocytes 
-0.39 0.487 -0.68 0.160 
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TUBA3C (Tubulin Alpha 

3c) 

Spermatocytes 

Spermatidis 

Leydig Cells* 

Sertoli Cells* 

-0.40 0.512 -0.83 0.119 

CCDC70  

(Coiled-Coil Domain 

Containing 70) 

Spermatidis -1.09 0.552 -1.74 0.263 

ACTL7B 

(Actin Like 7B) 
Spermatidis -0.92 0.614 -1.41 0.363 

ADAM2 

(ADAM Metallopeptidase 

Domain 2) 

Spermatocytes 

Spermatidis 

Leydig Cells* 

-0.33 0.676 -0.59 0.382 

SUN5  

(Testis And 

Spermatogenesis Related 

Gene 4) 

Spermatidis -0.59 0.687 -1.03 0.410 

H2BC1  

(Testis-Specific Histone 

H2B) 

Male germ cells -0.24 0.719 -0.59 0.289 

TEX33 

(Testis Expressed 33) 

Spermatidis 

Sertoli Cells* 
-0.25 0.772 -1.16 0.118 

LYZL1 

(Lysozyme Like 1) 

Spermatidis 

Spermatocytes 

Sertoli Cells* 

Leydig Cells* 

-0.12 0.887 -0.76 0.634 

*, Low-level expression according to the The Human Protein Atlas (https://www.proteinatlas.org/) 1 

 2 
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Table 4. Significantly deregulated gene pathways. 1 

Gene set ID 
Set 

size 
NES FDR 

Virus-positive testis of COVID-19 cohort vs controls 

Hallmark collection 

HALLMARK_INTERFERON_GAMMA_RESPONSE M5913 87 1.61 0.000006 

HALLMARK_INTERFERON_ALPHA_RESPONSE M5911 45 1.62 0.0003 

HALLMARK_TNFA_SIGNALING_VIA_NFKB M5890 62 1.45 0.007 

HALLMARK_COMPLEMENT M5921 43 1.45 0.017 

HALLMARK_INFLAMMATORY_RESPONSE M5932 62 1.37 0.038 

Gene Ontology collection 

Gene Ontology and Biological Pathways (GOBP) 

DEFENSE_RESPONSE 
GO:0006952 298 1.42 0.003 

GOBP_DEFENSE_RESPONSE_TO_OTHER_ORGANISM GO:0098542 224 1.41 0.003 

GOBP_RESPONSE_TO_BIOTIC_STIMULUS GO:0009607 274 1.40 0.003 

GOBP_RESPONSE_TO_INTERFERON_GAMMA GO:0034341 71 1.56 0.008 

GOBP_INNATE_IMMUNE_RESPONSE GO:0045087 194 1.39 0.017 

GOBP_RESPONSE_TO_TYPE_I_INTERFERON GO:0034340 47 1.58 0.038 

GOBP_VIRAL_GENOME_REPLICATION GO:0019079 26 1.66 0.042 

Virus-negative testis of COVID-19 cohort vs controls 

Hallmark collection 

HALLMARK_INFLAMMATORY_RESPONSE M5932 62 1.56 0.024 

HALLMARK_ALLOGRAFT_REJECTION M5950 67 1.51 0.032 

Gene Ontology collection 

None N.A. N.A. N.A. N.A. 

 2 

FDR, false discovery rate 3 

NES, normalized enriched score 4 

N.A., not applicable. 5 

 6 
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Figure 1 2 
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Figure 2 2 
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Figure 3 2 
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Figure 4 2 
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